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,A s e r i e s  o f  fo u r  p a l la d iu m -h y d ro g e n  (P d -H )-m o rd en i te  c a t a l y s t s  o f
i
v a r y i n g  s i l i c a / a l u m i n a  m ole r a t i o ,  S i0 s /A l 2 0 3 , h a s  b een  e v a lu a t e d  in  
t h e  h y d r o i s o m e r i z a t i o n  r e a c t i o n s  o f  c y c lo h ex an e  and n - p e n ta n e .  The
-i ' ,
1
c y c lo h e x a n e  r e a c t i o n  h a s  b e e n  m odeled f o r  each  o f  th e  f o u r  c a t a l y s t s . 
And, a  q u a l i t a t i v e  c o r r e l a t i o n  be tw een  th e  p h y s i c a l  p r o p e r t i e s  and 
th e  c a t a l y t i c  a c t i v i t y  f o r  t h e  c y c lo h e x a n e  and n - p e n ta n e  i s o m e r i z a t i o n s  
h a s  b e en  p o s t u l a t e d .
\
Each, o f  t h e  f o u r  c a t a l y s t s  was p r e p a r e d  from  one l a r g e  b a t c h  o f  
sod ium  m o r d e n i t e .  The S i0 2 /A la03  m ole  r a t i o  o f  t h e  p a r e n t  m o r d e n i te  
was 1 0 . 8 / 1 .  A 9 .0 / 1  S i0 2 /A l 2 03  mole r a t i o  c a t a i y s t  was p r e p a r e d  by 
c a u s t i c - l e a c h i n g  s i l i c o n  atom s from  t h e  s t r u c t u r e .  A 2 5 .5 / 1  and a  
5 2 . 1 / 1  S i0 2 /A l 2 0 3  m ole r a t i o  c a t a l y s t  w ere  p re p a re d  b y  rem oving 
aluminum atom s from  t h e  s t r u c t u r e  w i th  two l e v e l s  o f  a c id  e x t r a c t i o n .  
E ach  o f  t h e  f o u r  c a t a l y s t s  c o n ta in e d  a p p ro x im a te ly  % w e ig h t  p e r c e n t  
p a l l a d iu m  and each  was c o n v e r te d  from th e  sodium  form to  t h e  h y d ro g en  
form  b e f o r e  b e in g  e v a l u a t e d .
C y c lo h e x a n e -m e th y lc y c lo p e n ta n e  (MCP) e q u i l i b r i u m  c o m p o s i t io n s  
w e re  d e te rm in e d  o v e r  th e  t e m p e ra tu re  ra n g e  o f  440°F t o  550^F . The 
e q u i l i b r i u m  c o m p o s i t io n s  w ere  d e te rm in e d  by s t a r t i n g  s e p a r a t e l y  w i t h  
c y c lo h e x a n e  and  m e th y lc y c lo p e n ta n e .
The r a t e  o f  r e a c t i o n  was shown t o  fo l lo w  a  f i r s t - o r d e r ,  r e v e r s ­
i b l e  r e a c t i o n  b e tw een  cy c lo h e x a n e  and MCP f o r  e ach  o f  th e  f o u r  c a t a ­
l y s t s .  D i f f u s i o n  w i t h i n  t h e  m acro p o re s  o f  th e  p i l l e d  c a t a l y s t
p a r t i c l e s  o f  t h e  1 0 .8 / 1  S i0 3 /A ls 0 3  mole r a t i o  c a t a l y s t  was shown n o t  
to  e f f e c t  t h e  r e a c t i o n  r a t e .  The r a t e  o f  r e a c t i o n  was a l s o  c o n s id e re d  
t o  be  in d e p e n d e n t  o f  m acropore  d i f f u s i o n  f o r  t h e  o t h e r  c a t a l y s t s  a s  
t h e .m acropo res  f o r  t h e s e  c a t a l y s t s  sh o u ld  be l a r g e r  th an  t h e  p a re n t
m o rd e n i te  due t o  t h e  s t r u c t u r a l  m o d i f i c a t i o n s .  I t  was n o t  p o s s ib l e  to
!
e v a lu a te  d i f f u s i o n  i n  m ic ro p o re s  b e c a u s e  c r y s t a l l i t e s  o f  v a ry in g  s i z e s  
were u n a v a i l a b l e .
I s o m e r i z a t i o n  r a t e s  w ere  found t o  be  v e r y  t e m p e r a tu r e  s e n s i t i v e  
f o r  a l l  f o u r  ty p e  c a t a l y s t s .  The e f f e c t  o f  t e m p e ra tu re  on bo th  th e  
cy c lo h ex an e  and  n - p e n ta n e  i s o m e r i z a t i o n s  w ere  e v a l u a t e d .  The e n e r g i e s  
o f  a c t i v a t i o n  f o r  b o t h  r e a c t i o n s  a r e  g iv e n  a s  f o l l o w s :
C a t a l y s t  S i0 2 /A l 2 0 3 , A c t i v a t i o n  E n e rg y ,  k c a l / m o l  (db 2qt) _
 Mole R a t i o   C yclohexane  n -P en ta n e   ’
9 /1  3 3 .1 8  ±  1 .1 8  (460 -540 ) 3 5 .6 9  ±  2 .7 1  (520-610)
1 0 /1  3 5 .5 2  ±  2 .4 0  (402 -502 ) 3 8 .0 1  ±  2 .1 1  (491-581)
2 6 /1  2 9 .4 2  ±  2 .0 8  (427-520) 4 9 .4 1  ±  3 .0 0  (500-580)
5 2 /1  2 3 .8 7  ±  2 .8 7  (546-655) 3 6 .8 4  ±  1 .9 5  (572-669)
( ) i n d i c a t e s  t e m p e r a t u r e  r a n g e ,  ° F  o f  d e t e r m i n a t i o n
These  a c t i v a t i o n  e n e r g y  v a lu e s  f a l l  i n  th e  same ra n g e  a s  v a lu e s  r e ­
p o r t e d  f o r  t h e s e  r e a c t i o n s  w i th  c o n v e n t io n a l  l a r g e - p o r e  c a t a l y s t s .
C yc lo h ex an e  i s o m e r i z a t i o n  r a t e s  w ere  found  t o  d e c r e a s e  w i th  
i n c r e a s i n g  h y d ro g e n  and c y c lo h e x a n e - p lu s - m e th y lc y c lo p e n ta n e  p a r t i a l  
p r e s s u r e  f o r  a l l  o f  th e  c a t a l y s t s  e x c e p t  th e  5 2 /1  SiOg/AlgOg mole 
r a t i o  m o r d e n i t e .  The c y c lo h e x a n e  i s o m e r i z a t i o n  r a t e  w i th  t h i s  c a t a ­
l y s t  was found t o  b e  in d e p e n d e n t  o f  th e  h y d ro g en  p a r t i a l  p r e s s u re  
under th e  c o n d i t i o n s  o f  e v a l u a t i o n .
The e f f e c t s  o f  t h e  p a r t i a l  p r e s s u r e s  o f  t h e  h y d ro c a rb o n s  and 
hydrogen were found t o  be r e p r e s e n t e d  by a  d u a l - s i t e  model o f  th e  
g e n e r a l  form
r  M o  Cp ,  -  P . /K )
(1  + E  pt Kj ) s  
1 = 1
where 1 ,^ = r e a c t i o n  r a t e  c o n s t a n t
Kg , Kh s  a d s o r p t i o n  c o n s t a n t s  f o r  h y d ro c a rb o n s  and hydrogen
I
K = o v e r - a l l  e q u i l i b r i u m  c o n s t a n t  
Pa » Pr » Pi = Pa * t i a l  p r e s s u r e s  o f  c y c lo h e x a n e ,  MCP and i n d i v i ­
d u a l  com ponents
The change o f  t h e  m odel c o n s t a n t s  w i th  an  i n c r e a s e  in  te m p e ra tu re  
was found to  be  q u a l i t a t i v e l y  i n  ag reem en t w i th  t h e  ex p ec ted  p h y s i c a l  
b e h a v io r  f o r  t h e  c o n s t a n t s  f o r  a l l  o f  th e  c a t a l y s t s  e x c e p t  th e  26 /1  
S i0 2 /A l 2 03  mole r a t i o  c a t a l y s t .  The c o n s t a n t s  in  th e  model f o r  t h i s  
c a t a l y s t  can  be  c o n s id e r e d  a s  e m p i r i c a l  o n ly .  R ea so n ab le  agreem ent 
be tw een e x p e r im e n ta l  and  c a l c u l a t e d  r a t e  c o n s t a n t s  was d e m o n s t ra te d .
The i s o m e r i z a t i o n  r e l a t i v e  a c t i v i t y  h a s  b een  shown t o  i n c r e a s e  
w i th  an  i n c r e a s e  i n  s u r f a c e  a r e a  f o r  c y c lo h e x a n e  and t o  i n c r e a s e  as 
th e  s u r f a c e  a r e a  i n c r e a s e s  and a s  th e  S i0 2 /A l 2 0 3  mole r a t i o  d e c r e a s e s  




C a t a l y t i c  r e a c t i o n s  a r e  th e  f o u n d a t io n  o f  modern p e tro le u m  t e c h ­
n o lo g y .  T h ese  r e a c t i o n s  a r e  u sed  f o r  u p g r a d in g , th e  o c ta n e  numbers o f  
g a s o l i n e ,  f o r  c o n v e r t i n g  gaseo u s  m a t e r i a l  t o  h ig h  o c ta n e  number l i q u i d  
f u e l s ,  f o r  c r a c k in g  g a s  o i l s  to  more v o l a t i l e  h y d ro c a rb o n s ,  fo r  s y n th e - .  
s i z i n g  p e t r o c h e m i c a l s ,  e t c .  I s o m e r i z a t i o n  r e a c t i o n s  s i n g l y  o r  combined 
w i th  o th e r  c a t a l y t i c  r e a c t i o n s  h e lp  a c h ie v e  many o f  t h e s e  d e s i r e d  c o n ­
v e r s i o n s .  Thus, a  d e e p e r  know ledge o f  i s o m e r i z a t i o n  r e a c t i o n s  i s  e s s e n ­
t i a l  f o r  a  b road  u n d e r s t a n d in g  o f  c a t a l y t i c  r e a c t i o n s .
I s o m e r i z a t i o n  r e a c t i o n s  a l s o  p r e s e n t  a  sy s tem  w hich has  s e v e r a l  
a d v a n ta g e s  f o r  c a t a l y s i s  s t u d i e s .  The a d v a n ta g e s  o f  th e  i s o m e r i z a t i o n  
r e a c t i o n  a r e  th e  s i m p l i c i t y  o f  t h e  e x p e r im e n ta l  p ro c e d u re ,  th e  p ro d u c t  
a n a l y s i s ,  and th e  r e l a t i v e l y  s im p le  m od e lin g  o f  th e  r e a c t i o n .
I t  i s  b e ca u se  o f  t h e  im p o r tan c e  and th e  s i m p l i c i t y  o f  t h i s  r e a c t i o n  
t h a t  i t  h a s  been  c h o se n  f o r  t h i s  c a t a l y s i s  s tu d y .
A t t h e  p r e s e n t  t h e r e  a r e  t h r e e  g e n e r a l  ty p e s  o f  c a t a l y s t  sy s tem s  
fo r  i s o m e r iz in g  h y d r o c a r b o n s .  Two o f  th e s e  have r e c e iv e d  c o n s id e r a b l e  
a t t e n t i o n ,  th e  t h i r d  i s  a c t i v e l y  b e in g  s tu d ie d  b o th  i n d u s t r i a l l y  and 
a c a d e m ic a l ly .
The f i r s t  o f  t h e  t h r e e  sy s tem s  u s e s  a  c a t a l y s t  o f  aluminum c h l o r i d e  
w i th  hydrogen  c h l o r i d e .  T h is  sy s te m  was r e s e a r c h e d  in  th e  1930’ s and 
co m m erc ia l iz ed  on demand f o r  h ig h - o c t a n e  a v i a t i o n  g a s o l i n e  in  W orld
War IX. The m a jo r  a d v a n ta g e  o f  t h i s  sy s te m  i s  t h e  h ig h  a c t i v i t y  a t  
low tem p e ra tu re s  ( ~  250°F) w h ere  e q u i l i b r i u m  f a v o r s  h ig h  p a r a f f i n  
isom er c o n c e n t r a t i o n .  The d i s a d v a n ta g e s  a r e  s i d e  r e a c t i o n s ,  c a t a l y s t  
d e a c t i v a t i o n  and c o r r o s i o n .
The second ty p e  Of c a t a l y s t  i s  known a s  a  s o l i d  d u a l - f u n c t i o n  
c a t a l y s t .  I t  i s  a  c o m b in a t io n  o f  a h y d ro g e n a t io n  component (d i s p e r s e d  
m e ta l )  su p p o r ted  on an  am orphous s o l i d  h a v in g  i s o m e r i z a t i o n  a c t i v i t y .  
The advan tages  o f  t h i s  s y s te m  a r e  th e  low in c id e n c e  o f  s i d e  r e a c t i o n s ,  
t h e  ease  o f  a c t i v i t y  m a in te n a n c e  and no c o r r o s i o n .  A m o d i f i c a t i o n  o f  
t h i s  second ty p e ,  w h ich  a p p e a r s  p ro m is in g  b e c a u s e  o f  th e  in c r e a s e d  
a c t i v i t y  a t  low er t e m p e r a t u r e s ,  i s  a  t r e a tm e n t  o f  t h e  c a t a l y s t  w i th  
anhydrous aluminum c h l o r i d e  o r  o r g a n ic  c h l o r i d e s .
The t h i r d  c a t a l y s t  t y p e  i s  b a sed  on th e  u s e  o f  c r y s t a l l i n e  
a l u m i n o s i l i c a t e s  a s  th e  s u p p o r t  i n  t h e  d u a l - f u n c t i o n  c a t a l y s t s .  The 
h ig h  c a t a l y s t  a c t i v i t y  o f  t h e s e  m a t e r i a l s  a s  w e l l  a s  t h e i r  r e s i s t a n c e  
t o  v a r io u s  c a t a l y s t  p o i s o n s  s u ch  a s  s u l f u r  and w a te r  have  r e s u l t e d  in  
i n t e n s i v e  s t u d i e s  s i n c e  t h e  e a r l y  n i n e t e e n  s i x t i e s .
T h is  d i s s e r t a t i o n  i s  a  s t u d y  o f  t h e  i s o m e r i z a t i o n  p r o p e r t i e s  o f  a 
s e r i e s  o f  th e  t h i r d  ty p e  o f  c a t a l y s t s .  These c a t a l y s t s  w ere  p rep a red  
by d i s p e r s in g  a  m e t a i  on v a r i o u s  m o d i f i c a t i o n s  o f  a  c r y s t a l l i n e  
a l u m i n o s i l i c a t e  s u p p o r t .  The c r y s t a l l i n e  a l u m i n o s i l i c a t e  ch o sen  was 
m o rd e n i te .  T h ree  m o d if ie d  fo rm s o f  th e  p a r e n t  m o rd e n i te  have  been 
o b ta in e d  by a l t e r i n g  t h e  s i l i c a  t o  a lu m in a  r a t i o .  T h is  r a t i o  has  been 
d e c re a se d  in  one c a s e  by t r e a t i n g  t h e  p a r e n t  m o rd e n i te  w i t h  a c a u s t i c  
s o l u t i o n  and in c r e a s e d  i n  two c a s e s  by  t r e a tm e n t  w i th  a c i d i c  s o l u t i o n s .  
Each o f  th e  f o u r  c a t a l y s t s  was im p reg n a ted  w i t h  a b o u t  o n e - h a l f  w e igh t 
p e r c e n t  p a l la d iu m .  The p r im a r y  em phasis  o f  t h e  s tu d y  was on th e
cy c lo h e x a n e  i s o m e r i z a t i o n  r e a c t i o n  supp lem ented  by  s tu d y in g  th e  norm al 
p e n ta n e  i s o m e r i z a t i o n  r e a c t i o n .
The o b j e c t i v e s  o f  t h i s  w ork  w ere  t o  i n v e s t i g a t e  t h e  i s o m e r i z a t io n
o f  cy c lohexane  o v e r  a  r a n g e  o f  t e m p e r a tu r e  and p r e s s u r e ,  to  e s t a b l i s h
!
t h e  mechanism f o r  the  n a p h th e n e  i s o m e r i z a t i o n  r e a c t i o n ,  and t o  come t o  
a  b e t t e r  u n d e r s ta n d in g  o f  t h e  r e l a t i o n  be tw een  th e  c a t a l y t i c  and p h y s ­
i c a l  p r o p e r t i e s  o f  t h e  a l u m i n o s i l i c a t e  m o r d e n i te .
CHAPTER I I  
LITERATURE REVIEW
A. I n t r o d u c t i o n
I s o m e r i z a t i o n  a s  a p p l i e d  to  h y d ro c a rb o n s  m^y be  d e f in e d  a s  t h e  
re a r ra n g e m e n t  o f  t h e  m o le c u la r  c o r t f i g u r a t i o n  o f  a  h y d ro ca rb o n  w i th o u t  
change in  m o le c u la r  w e ig h t .  I t  i s  one o f  th e  im p o r ta n t  means by  w h ich  . 
c h em ica l  r e a c t i o n  h a s  b een  employed to  t a i l o r - m a k e  f u e l s  needed  by 
i n c r e a s i n g l y  e f f i c i e n t  i n t e r n a l  com bustion  e n g in e s .
I t  i s  o n ly  i n  r e c e n t  y e a r s  t h a t  i s o m e r i z a t i o n  has  become im p o r ta n t  
in  t h e  p e t ro le u m  i n d u s t r y .  An e a r l y  s c i e n t i f i c . p a p e r  on th e  i s o m e r i ­
z a t i o n  o f  p a r a f f i n i c  h y d ro c a rb o n s  ap p ea red  i n  1933 (69) .
The f i r s t  c a t a l y s t  sy s te m  u sed  in  com m ercial i s o m e r i z a t i o n  was an  
aluminum h a l i d e  sy s te m  (3 2 ) .  The deve lopm ent o f  t h i s  sy s tem  i n  th e  1930 ' 
c a r r i e d  i s o m e r i z a t i o n  t o  t h e  p o i n t  where p r o c e s s e s  co u ld  be  b ro u g h t  t o  
f u l l - s c a l e  o p e r a t i o n .  The demand f o r  h ig h - o c ta n e  a v i a t i o n  g a s o l i n e  in  
W orld War I I  p r o v id e d  th e  need  f o r  c o m m e r c i a l i z a t io n .
The l a r g e s t  co m m erc ia l  u s e  o f  t h i s  system  was in  making i s o b u ta n e  
f o r  a l k y l a t i o n  t o  h i g h - o c t a n e  com ponents f o r  a v i a t i o n  g a s o l i n e .  P e n ta n e  
and l i g h t  n a p h th a  i s o m e r i z a t i o n  w ere c a r r i e d  o u t  on a  much s m a l l e r  s c a l e  
and re a r ra n g e m e n t  o f  n a p h th e n e s  i n  th e  m a n u fa c tu re  o f  to lu e n e  and b en ­
zene  was p r a c t i c e d  t o  a  l i m i t e d  e x t e n t .
I n  th e  n i n e t e e n  f i f t i e s  th e  d u a l - f u n c t i o n  c a t a l y s t  sy s tem  f o r  
i s o m e r i z a t io n  was d e v e lo p e d  and th e  most r e c e n t  advance  i n  i s o m e r i z a t i o n
c a t a l y s t s  i s  t h e  u se  o f  c r y s t a l l i n e  z e o l i t e s  a s  s u p p o r ts  f o r  th e  d u a l ­
f u n c t io n  c a t a l y s t .
B. I s o m e r i z a t i o n  E q u i l ib r iu m
1. C yc lo h ex an e  - M e th y lc y c lo p e n ta n e
S ix  e x p e r im e n t a l  i n v e s t i g a t i o n s  o f  t h e  c y c lo h e x a n e -m e th y lc y c lo  
p e n ta n e  e q u i l i b r i u m  have  been  r e p o r t e d  (3 9 ,  67 ,  94, 97 , 5 8 ,  2.6) . F iv e  
o f  t h e s e  w ere  made w i th  aluminum c h l o r i d e  c a t a l y s t  a t  te m p e ra tu re s  be low  
340°F .  L i q u id  p h ase  e q u i l i b r i u m  c o n s t a n t s  w ere  . c a l c u l a t e d . The m ost 
e x t e n s iv e  s e t  o f  d a t a  i n  t h e s e  f i v e  i n v e s t i g a t i o n s  was o b ta in e d  by 
G lazeb ro o k  and L o v e l l  (39 ) . The o v e r a l l  d a t a  p r e s e n t s  a v e ry  c o n s i s t e n t  
p i c t u r e  o f  e q u i l i b r i u m  v a lu e s  i n  t h i s  t e m p e r a tu r e  r a n g e .
The s i x t h  e x p e r im e n ta l  i n v e s t i g a t i o n  was made a t  650°F and 
699°F o v e r  n i c k e l - s i l i c a - a l u m i n a  c a t a l y s t  (26) i n  t h e  p re s e n c e  o f  
h y d rogen .
None o f  th e  d a t a  w ere  in  th e  te m p e r a tu r e  ran g e  o f  i n t e r e s t  
f o r  t h i s  w o rk ,  w h ich  i s  400 t o  600°F .  T h e r e f o r e ,  th e s e  l i t e r a t u r e  d a t a  
w ere  compared w i th  e q u i l i b r i u m  v a l u e s  c a l c u l a t e d  from  API P r o j e c t  44 
f r e e  e n e rg y  d a t a  (91) to  d e te r m in e  i f  i n t e r p o l a t i o n  to  th e  ra n g e  o f  
400 t o  600PF would be  p o s s i b l e .  D isag ree m e n t  be tw een  e x p e r im e n ta l  and 
c a l c u l a t e d  e q u i l i b r i u m  v a lu e s  was o b se rv ed  a t  b o th  th e  h ig h  and low 
t e m p e r a t u r e s .
The l a c k  o f  e x p e r im e n ta l  d a t a  in  t h e  400 t o  600PF te m p e r a tu r e  
r a n g e  com bined w i th  th e  d is a g r e e m e n t  betw een  c a l c u l a t e d  and a v a i l a b l e  
e x p e r im e n ta l  v a lu e s  a t  h i g h e r  and low er t e m p e r a tu r e s  made i t  n e c e s s a r y  
to  d e te r m in e  e q u i l i b r i u m  v a lu e s  e x p e r i m e n t a l l y .  These were d e te rm in e d  
and th e  r e s u l t s  a r e  p r e s e n te d  w i th  th e  l i t e r a t u r e  and c a l c u l a t e d  v a l u e s  
•in C h a p te r  V.
2. P en ta n e  -  I s o p e n ta n e
The i s o m e r ic  e q u i l i b r i u m  f o r  norm al p e n ta n e  h a s  p r e v io u s ly  
b e e n  rev iew ed  (23) . T h i s  r e v ie w  o b se rv ed  t h a t  a l t h o u g h  t h r e e  isom ers 
a r e  p o s s i b l e ,  o n ly  two have  e v e r  been  found i n  n a t u r e :  norm al p e n tan e
and i s o - p e n ta n e .  However, i t  h a s  r e c e n t l y  been  r e p o r t e d  t h a t  n eo p en tan e  
was c a t a l y t i c a l l y  o b t a in e d  from n -p e n ta n e  ( 1 ) .
E ig h t  s e t s  o f  e x p e r im e n ta l  d e t e r m i n a t i o n s  w ere  r e p o r t e d  (1 5 ,
3 3 ,  4 8 ,  79, 8 8 , 9 0 ,  9 3 ,  105) a lo n g  w i th  t h e  c a l q u l a t e d  v a lu e s  from A PI- 
44 P r o j e c t  f r e e  e n e rg y  d a t a  ( 9 1 ) .  • T hese  v a lu e s  a r e  shown p l o t t e d  in  
F ig u r e  1 (page  7 ) .  D is a g re e m e n t  be tw een  c a l c u l a t e d  and e x p e r im e n ta l  
v a l u e s  e x i s t s  f o r  t h i s  e q u i l i b r i u m  a l s o .  The e x p e r im e n t a l ly  d e te rm in ed  
v a l u e s  a r e  c o n s id e r e d  t o  b e  more a c c u r a t e  a s  t h e y  were d e te rm in ed  d i r e c t ­
l y ,  u s u a l l y  by a p p ro a c h in g  e q u i l i b r i u m  from  b o th  s i d e s .  T h e r e f o r e ,  t h e  
r e l a t i o n s h i p  u sed  in  c a l c u l a t i o n s  f o r  t h i s  work i s  r e p r e s e n t e d  by th e  
s o l i d  c u r v e ,  w h ich  r e f l e c t s  t h e  m ost r e c e n t  e x p e r im e n ta l  d a t a .
C. C a t a l y s t s
1 . G en era l
The c a t a l y s t s  f o r  p a r a f f i n  and c y c l o p a r a f f i n  i s o m e r iz a t io n  
c a n  be c l a s s i f i e d  i n t o  t h r e e  g e n e r a l  g ro u p s :  a c i d i c  h a l i d e s ,  a c i d i c
c h a l c i d e s  ( o x id e s  o r  s u l f i d e s )  and z e o l i t e s .  The a c i d i c  h a l i d e s  were 
t h e  f i r s t  c o m m e rc ia l iz e d  i n  th e  n in e t e e n  f o r t i e s ,  th e  a c i d i c  c h a l c id e s  
( d u a l - f u n c t i o n  c a t a l y s t s )  came i n t o  p rom inence  i n  th e  n in e t e e n  f i f t i e s ,  
and  th e  z e o l i t e s  have  g a in e d  w id e sp re a d  r e c o g n i t i o n  i n  th e  n in e te e n  
s i x t i e s .
2 .  A c id ic  H a l id e s
Aluminum c h l o r i d e  and aluminum brom ide  a r e  th e  most a c t i v e  
and  th e  most w id e ly  u s e d  o f  th e  a c id  h a l i d e s  (2 9 )  . O th e r  c a t a l y s t s
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T e m p e ra tu re ,  ° F
F ig u r e  1. Vapor P h ase  E q u i l i b r iu m  f o r  N -P en tan e  -  I - P e n ta n e .
r e p o r t e d  to  be  e f f e c t i v e  in  i s o m e r i z a t i o n  o f  p a r a f f i n s  a r e  b o ro n  
t r i f l o r i d e ,  w i t h  a  l a r g e  amount o f  hydrogen  f l u o r i d e  ( 4 7 ) ,  and z in c  
c h l o r i d e  ( 7 3 ) .
I n  o r d e r  f o r  t h e  a c i d i c  h a l i d e s  to  show c a t a l y t i c  a c t i v i t y ,  
a  so u rc e  o f  p r o t o n s  su ch  a s  h yd rogen  h a l i d e  o r  w a te r  m ust be  p r e s e n t ,  
u s u a l l y  i n  s m a l l  am ounts  ( 3 0 ,  5 0 ,  5 6 ,  75 , 9 6 ) .  j
I n  p r a c t i c e ,  th e  hydrogen  h a l i d e  was u s u a l l y  d i s s o l v e d  in  th e  
fe e d  and th e  a c i d i c  h a l i d e  r e t a i n e d  in  t h e  c a t a l y s t  b e d .  However, th e  
r e t e n t i o n  o f  aluminum c h l o r i d e  was a  m a jo r  p ro b lem  b e c a u s e  i t  i s  a 
h i g h l y  v o l a t i l e  s o l i d  t h a t  su b l im e s  r e a d i l y .  S o l u t i o n s  t o  t h i s  p rob lem  
in c lu d e d :  a  m o l te n  s o l u t i o n  o f  aluminum c h l o r i d e  i n  an tim ony  t r i c h l o r i d e
( 6 2 ,  61) a  t e r n a r y  a l l o y  o f  aluminum c h l o r i d e ,  cadmium s u l f a t e  and 
magnesium s u l f a t e  (7 1 )»  a d s o r p t i o n  o f  c h l o r i d e  on a  b a u x i t e  s u p p o r t - 
(25) , and a  l i q u i d  aluminum c h l o r i d e  h y d ro c a rb o n  complex ( 9 8 ) .
The p r im a ry  a d v a n ta g e  o f  a c i d i c  h a l i d e  c a t a l y s t s  i s  th e  h ig h  
a c t i v i t y  a t  r e l a t i v e l y  low. t e m p e r a tu r e  ( ~  2 5 0 ° F ) , w here  th e  isom er 
e q u i l i b r iu m  i s  f a v o r e d .  The d i s a d v a n ta g e s  a r e  u n d e s i r a b l e  s i d e  r e a c ­
t i o n s ,  w hich  c u t  down y i e l d s  and d e a c t i v a t e  t h e  c a t a l y s t ,  arid c o r r o s i o n .
3 . A c id ic  C h a lc id e s
The e le m e n ts  o f  Group VI A o f  th e  P e r i o d i c  T a b le ,  nam ely , 
oxygen, s u l f u r ,  s e le n iu m ,  and t e l l u r i u m ,  have  b e e n  c a l l e d  " c h a l c o g e n s ,"  
a  terra  a n a lo g o u s  t o  " h a l o g e n s , "  u sed  f o r  th e  e le m e n ts  o f  Group V II  A. 
A c c o rd in g ly ,  compounds o f  t h e s e  e le m e n ts  may be  c a l l  " c h a l c i d e s . "
C h a lc id e  c a t a l y s t s  i n c lu d e  a  v a r i e t y  o f  s o l i d  o x id e s  and s u l f i d e s ,  th e  
m ost w id e ly  u sed  c o m p r is in g  a lu m in a ,  s i l i c a ,  and m ix tu r e s  o f  a lu m in a  
and s i l i c a .
C a t a l y s t s ,  o t h e r  th a n  s i l i c a - a l u m i n a  c o m p o s i t io n s ,  r e p r e s e n t a ­
t i v e  o f  th e  a c i d i c  c h a l c i d e  g roup  r e p o r t e d  t o  i s o m e r iz e  s a t u r a t e d  h y d ro ­
c a rb o n s  in c lu d e  BeO (3 ,  4 ,  1 1 4 ) ,  A ^ O g - F e ^ g  ( 9 :1  by w e ig h t)  p lu s  h y d ro ­
gen  c h l o r i d e  ( 9 4 ) ,  AlgOg-MogOg ( 2 8 ) ,  AlgOg-VgOg ( 3 8 ) ,  molybdenum s u l f i d e  
a s  e i t h e r  MoSa o r  MoS3  and molybdenum' s u l f i d e - c o b a l t  s u l f i d e  ( 8 5 ) .
I
The c h a l c i d e  c a t a l y s t s  s i l i c a - a l u m i n a  o r  a lu m in a  a r e  n o t  v e r y  
e f f e c t i v e  f o r  i s o m e r i z a t i o n  o f  p a r a f f i n s  and n a p h th e n e s .  S i l i c a - a l u m i n a  
o r  a lu m in a  combined w i th  a  c a t a l y s t  t h a t  c o n t a i n s  h y d ro g e n a t io n  a c t i v i t y ,  
i s  e f f e c t i v e .  Such a  c a t a l y s t  cati be  made by  com bin ing  a  t r a n s i t i o n  
m e ta l  o r  t r a n s i t i o n  m e ta l  o x id e  su ch  a s  c o b a l t  ( 2 7 ) ,  n i c k e l  (2 7 ,  8 0 ) ,  
and p la t in u m  (2 7 ,  4 3 ,  6 5 ,  80 , 113) o r  m olybdena ( 2 7 ,  28 ,  4 1 ) ,  t u n g s t i c  
o x id e  (27) and z i r c o n i a  (19) w i t h  an  a c i d i c  c h a l c i d e  c a t a l y s t  su ch  a s  
a lu m in a  (2 8 ,  4 1 ,  65) o r  s i l i c a  a lu m in a  (1 9 ,  2 7 ,  2 8 ,  65 , 80 , 1 1 3 ) .  T h is  
ty p e  o f  c a t a l y s t  t h a t  h a s  b o th  c r a c k in g  and h y d ro g e n a t io n  a c t i v i t y  i s  
c a l l e d  a  d u a l - f u n c t i o n  c a t a l y s t .
The d u a l - f u n c t i o n  a c i d i c  c h a l c i d e  c a t a l y s t s  have th e  a d v a n ta g e s  
o f  b e in g  n o n - c o r r o s i v e ,  e a s y  to  h a n d le ,  s t a b l e  in  a c t i v i t y  and s e l e c t i v e  
i n  th e  i s o m e r i z a t i o n  r e a c t i o n .  The d i s a d v a n ta g e  o f  th e s e  c a t a l y s t s  i s  
t h a t  th e  y i e l d  o f  p a r a f f i n  is o m e rs  i s  th e rm o d y n a m ic a l ly  u n f a v o r a b l e  a t  
t h e  h ig h e r  t e m p e ra tu re  t h a t  i s  n e c e s s a r y  b e c a u s e  o f  th e  l i m i t e d  a c t i v i t y .
A m o d i f i c a t i o n  o f  t h e  d u a l - f u n c t i o n  c a t a l y s t  i s  one p re p a re d  
by r e a c t i n g  aluminum c h l o r i d e  w i th  p la t in u m  a lu m in a  (1 2 4 ,  1 2 5 ) .  O th e r  
m o le c u le s  w i th  c h l o r i n e  f u n c t i o n a l i t y  have  a l s o  b een  used  s u c c e s s f u l l y  
(4 0 ,  129, 118, 128, 1 3 1 ) .  T hese  c a t a l y s t s  a p p e a r  p ro m is in g  a s  th e y  
o p e r a t e  in  th e  200-400°F te m p e r a tu r e  r a n g e .  The d i s a d v a n ta g e  o f  c a t a l y s t  
d e a c t i v a t i o n  r e p o r t e d  w i th  aluminum h a l i d e s  a r e  s t i l l  p r e s e n t  w i th  t h i s  
c a t a l y s t  b u t  c o r r o s i o n  i s  r e p o r t e d l y  n o t  a  p ro b lem .
4 .  C r y s t a l l i n e  Z e o l i t e s
A v a r i e t y  o f  z e o l i t e s  h a s  been  r e p o r t e d  i n  i s o m e r i z a t i o n  o f  
n - p a r a f f i n s  (8 7 ,  8 8 , 89 , 6 6 , 13 , 2 3 ,  5 2 ,  9 2 ,  3 7 ,  126 , 1 2 7 ) ,  n a p h th en e s  
(1 2 ,  6 6 , 4 2 ,  92) and a l k y l a r o m a t i c s  (2 0 ,  1 1 5 ) .
B ry a n t  (23) s t u d ie d  th e  h y d r o i s o m e r i z a t io n  o f  n -p e n ta n e  ov e r  
H -m o rd en ite  w i th  and w i th o u t  p a l la d iu m  i n  t h e  te m p e r a tu r e  ra n g e  o f  
500-600°F . B oth  c a t a l y s t s  w ere  e x t r e m e ly  a c t i v e  and s u r p r i s i n g l y ,  th e  
m o rd e n i te  w i th o u t  th e  d i s p e r s e d  m e ta l  was t h e  m qst a c t i v e .  The r a t e  
was shown to  be in d e p en d e n t  o f  th e  m e ta l  c o n t e n t ,  e i t h e r  p a l la d iu m  o r  
p la t in u m ,  and t o  be  d e p en d en t on t h e  r e d u c t i o n  i n  " a c i d i t y "  by exch an g ­
in g  th e  m o rd e n i te  w i th  magnesium and z i n c .  The h ig h  a c t i v i t y  o f  m orden­
i t e  was in d e p e n d e n t ly  co n f irm ed  (1 1 9 ) .
B eecher (13) s t u d i e d  th e  i s o m e r i z a t i o n  o f  n -h e x a n e  o v e r  H- 
m o rd e n i te  a t  500-600^F . He a l s o  i n v e s t i g a t e d  n - p e n t a n e ,  n -h ex an e  and 
i r -h ep ta n e  h y d r o i s o m e r iz a t io n  o v e r  m o rd e n i te  and f a u j a s i t e  w i th  and w i t h ­
o u t  d i s p e r s e d  p a l la d iu m .  B oth  m o r d e n i te s  w ere  much more a c t i v e  th a n  th e  
f a u j a s i t e s .  I n t e r e s t i n g l y ,  t h e  m o rd e n i te  w i th o u t  th e  d i s p e r s e d  m e ta l  
was more a c t i v e  th a n  th e  m o rd e n i te  w i t h  p a l la d iu m  f o r  t h e  p e n ta n e  r e a c ­
t i o n ,  was e q u a l  in  a c t i v i t y  f o r  t h e  hex an e  r e a c t i o n ,  and was g r e a t l y  
i n f e r i o r  f o r  t h e  h e p ta n e  r e a c t i o n .
Rabo and c o -w o rk e rs  (8 7 ,  8 8 , 89) r e p o r t e d  on th e  i s o m e r iz in g  
a c t i o n  o f  p la t in u m  and p a l la d iu m  c a t a l y s t s  s u p p o r te d '  by t h r e e  b a s i c  
ty p e s  o f  z e o l i t e s :  ty p e  A, ty p e  X w i t h  a  S i / A l  m o la r  r a t i o  o f  1 .2 ,
and ty p e  Y w i th  a  S i / A l  m o la r  r a t i o  o f  2 . 5 .  The d e c a t io n e d  Y form co n ­
t a i n i n g  0 .5  w e ig h t  p e r c e n t  p la t in u m  o r  p a l la d iu m  was shown to  be th e  
m ost a c t i v e  c a t a l y s t s  f o r  n - p e n ta n e  and n -h e x a n e  i s o m e r i z a t i o n .  The 
p a l l a d iu m  c a t a l y s t  was th e  more e f f e c t i v e  and th e  more s u l f u r  s e n s i t i v e .
B oth  c a t a l y s t s  were s t a b l e  f o r  1 ,0 0 0  h o u r s ,  t o l e r a t e d  s m a l l  am ounts o f  
s u l f u r  and l a r g e  amounts o f  w a ter . .
M inachev and a s s o c i a t e s  ( 6 6 ) s t u d i e d  t h e  i s o m e r i z a t i o n  o f  
n - p e n ta n e ,  n -h e x a n e ,  n - h e p ta n e  and c y c lo h e x a n e  on p a l l a d iu m ,  p la t in u m ,  
rhodium  and i r i d iu m  c a t a l y s t s  su p p o r te d  on Y - ty p e  z e o l i t e s .  The 
r e s u l t s  on c a lc iu m  Y ty p e  w i th  a  S i / A l  m o la r  r a t i o  o f  1 .7  i n  t h e  te m p e r­
a t u r e  ra n g e  o f  662-752°F w ere  t h e  same in  n -h e x a n e  h y d r o i s o m e r i z a t io n  
f o r  p la t in u m  and p a l la d iu m .  F o r  c y c lo h e x a n e  h y 4 r o i s o m e r i z a t i o n ,  th e  
p la t in u m  was more a c t i v e  th a n  th e  •p a l la d iu m . Rhodium and i r i d iu m  
c a t a l y s t s  p roduced  c o n s i d e r a b l e  h y d ro c ra c k in g  i n  a d d i t i o n  t o  i s o m e r i ­
z a t i o n .
Two s e t s  o f  n ic k e l - e x c h a n g e d  c a lc iu m  and sodium  Y z e o l i t e s  o f  
SiOg/ALjOa r a t i o s  o f  3 .4  and 4 .2  f o r  e ach  s e t  w ere  used  i n  s tu d y in g  th e  
h y d r o i s o m e r iz a t io n  r e a c t i o n s  o f  n -h e x a n e ,  c y c lo h e x a n e  and ben zen e  (92) 
i n  th e  te m p e ra tu re  ra n g e  o f  5 7 2 -6 4 4 °F . A t a  g iv e n  S i0 2 /A l 3 03  m o la r  
r a t i o ,  th e  n ic k e l - c a lc iu m - Y  i s  th e  more a c t i v e ;  and th e  h ig h e r  th e  
SiOg/AlgOg r a t i o ,  th e  g r e a t e r  t h e  a c t i v i t y .
5 .  Summary o f  H i s t o r i c a l  Developm ent o f  I s o m e r i z a t i o n  C a t a l y s t s
A summary o f  th e  p r o g r e s s i v e  d eve lopm en t o f  i s o m e r i z a t i o n  
c a t a l y s t s  i s  diagrammed in  F ig u r e  2 (p ag e  1 2 ) .
The i n i t i a l  c a t a l y s t s  f o r  p a r a f f i n  i s o m e r i z a t i o n  w ere  b a sed  
on th e  a c id  h a l i d e  sy s tem . S e v e r a l  c o m b in a t io n s  d e v e lo p e d  w ere  th e  
aluminum c h lo r id e /h y d r o c a r b o n  com plex ; aluminum c h l o r i d e  s u p p o r te d  on 
b a u x i t e  o r  a lu m in a ;  m ix tu r e s  o f  aluminum c h lo r id e / a n t im o n y  t r i c h l o r i d e /  
HC1 and aluminum brom ide/H B r. The e f f e c t i v e  te m p e r a tu r e  ra n g e  f o r  t h e s e  
c a t a l y s t s  i s  from 75 to  250°F .  I n  s p i t e  o f  t h e  a d v a n ta g e s  o f  e q u i l i b r i u m  
y i e l d s  a t  low te m p e r a t u r e s ,  t h e  d i s a d v a n ta g e s  o f  p o o r  s e l e c t i v i t y ,
ACID HALIDE TYPE CATALYSTS “  ~ 1
I
1
Aluminum c h lo r id e /H y d r o c a r b o n l
(T = 250° F)
I 
I
com plex I I
I I
Aluminum c h l o r i d e  su p p o r te d  
on b a u x i t e  o r  a lu m in a
(T = 100? t o  150? F) 
AICLj /SbClg /HC1
(T = 150° t o  210? F) 
AlBr3  /HBr












 (H igh T em p era tu re )_______
P la t in u m - a lu m in a
(T = 850° to  950° F) 
P l a t i n u m - a l u m i n a - s i l i c a
(T = 700? t o  850° F)
P l a t  inum -alum ina  -b o r  i a
I
(T = 600? t o  700? F) 
P la t in u m - Y - ty p e  z e o l i t e  
(T = 600? t o  650° F)
P 1 a  t  inum-Mor d en i  t  e
(T = 500° t o  550° F)
HYDROISOMERIZATION CATALYSTS 
(Low T em pera tu re )
P la t in u m -a lu m in a  r e a c t e d  
w i th  aluminum c h l o r i d e
(T « 200° to  400° F)
T d e n o te s  t h e  a p p ro x im a te  e f f e c t i v e  te m p e r a tu r e  r a n g e  in  
w hich  th e  c a t a l y s t s  w i l l  o p e r a t e
*  I n  many c a s e s  th e  m e ta l  h y d ro g e n a t io n  component may be  
e i t h e r  p la t in u m  o r  p a l la d iu m
F ig u r e  2 . H i s t o r i c a l  Developm ent o f  C a t a l y s t s  f o r  I s o m e r i z a t i o n ( 5 5 ) «
c a t a l y s t  d e a c t i v a t i o n  and c o r r o s i o n  gave  i n c e n t i v e  f o r  f u r t h e r  d e v e lo p ­
m e n ts .
The h i g h - t e m p e r a tu r e  d u a l - f u n c t i o n  c a t a l y s t s  d e v e lo p e d  
th ro u g h  a  s e r i e s  o f  im provem ents , r e s u l t i n g  i n  p r o g r e s s i v e  lo w e r in g  o f  
t h e  o p e r a t i n g  te m p e r a tu r e  l e v e l  from  a 850-950°F ra n g e  t o  a 500-550°F  
r a n g e .
The p la t in u m -a lu m in a  c a t a l y s t s ,  t y p i c a l  o f  c a t a l y t i c  r e f o r m ­
in g  w ere  s u p p la n te d  by p la t in u m  im p reg n a ted  on c r a c k in g  c a t a l y s t  b a s e s  
( a l u m i n a - s i l i c a  and a l u m i n a - b o r i a ) . An even  more a t t r a c t i v e  r e d u c t i o n  
i n  o p e r a t i n g  te m p e r a tu r e  was a c h ie v e d  w i th  th e  a d v e n t  o f  c r y s t a l l i n e  
a l u m i n o s i l i c a t e s .  P a r t i c u l a r l y  e f f e c t i v e  was t h e  H -m o rd en i te  f o r  w hich  
good y i e l d s  w ere  o b ta in e d  a t  5 0 0 -550°F .
The d u a l - f u n c t i o n  c a t a l y s t s  e l i m i n a t e d  t h e  d i s a d v a n t a g e s  o f  
t h e  aluminum h a l i d e s  and a t  m o d e ra te  t e m p e r a t u r e s .  However, t h e  in c e n ­
t i v e  f o r  h ig h  y i e l d s  a t  low er t e m p e r a tu r e s  was s t i l l  d e s i r a b l e .
F u r t h e r  d ev e lo p m en ts  a r e  b e in g  made by t r e a t i n g  t h e  d u a l ­
f u n c t i o n  c a t a l y s t  w i th  aluminum c h l o r i d e  o r  o r g a n ic  c h l o r i d e s .  The 
g o a l  of. good s e l e c t i v i t y  a t  low er t e m p e r a tu r e s  h a s  been  a c h ie v e d .  How­
e v e r ,  an  u n s a t i s f a c t o r y  f e a t u r e  o f  t h e s e  c a t a l y s t s ,  a s  p r e v i o u s l y  p o in te d  
o u t ,  i s  t h e i r  s u s c e p t i b i l i t y  to  d e a c t i v a t i o n  by  HjO, I ^ S ,  a r o m a t i c s ,  e t c .
D . I s o m e r i z a t i o n  Mechanisms
1 .  A cid  H a l id e  C a t a l y s t s
The mechanism s f o r  n - p a r a f f i n  and n a p h th e n e  i s o m e r i z a t i o n  w i th  
a c i d  h a l i d e  c a t a l y s t s  a r e  q u i t e  s i m i l a r .  The p r e s e n t l y  a c c e p te d  m echa­
n ism  i s  t h e  i o n i c  c h a in  mechanism w hich  o c c u r s  o n ly  in  th e  p r e s e n c e  o f  
c a rbon ium  io n  i n i t i a t o r s .  Such i n i t i a t o r s  c an  be  s m a l l  c o n c e n t r a t i o n s
o f  o l e f i n s  ( 8 1 ) ,  s e c o n d a ry  o r  t e r t i a r y  a l k y l h a l i d e s  ( 8 3 ) ,  oxygen (7 0 ,  
82) o r  w a te r  (108) o r  employment o f  h ig h e r  t e m p e r a tu r e  (81) .
The mechanism was p roposed  in  s tu d y in g  n - b u ta n e  i s o m e r i z a t i o n  
( 1 8 ) .  C o n firm ing  r e s u l t s  were o b ta in e d  w i th  n - p e n ta n e  and m e th y lc y c lo -  
p e n ta n e  ( 3 4 ,  5 1 ,  61 ,  75 ,  7 6 ,  77 , 78)..' The p e n ta n e  r e a c t i o n  d i f f e r e d
f
o n ly  in  t h a t  s m a l l  amounts o f  i n h i b i t o r s  o r  h y d ro g en  p r e s s u r e  w ere  
r e q u i r e d  t o  r e p r e s s  c r a c k in g  r e a c t i o n s ;  t h e  m e th y lc y c lo p e n ta n e  r e q u i r e d  
no i n h i b i t o r  a s  i t  i s  a  good i n h i b i t o r  i t s e l f .  ,
The p ro p o se d  r e a c t i o n  i s  d e m o n s t ra te d  f o r  c y c lo h e x a n e .
(1) Carbonium Io n  F o rm a tio n
+
0  + R+ 0  + RH
(2) Carbonium Io n  R ea rran g em en t
+  + .
O  * = *  c r C!%
(3) C hain  P r o p o g a t io n
+ +
Q  + Q-p-CHa Q  +  j-j-C H a
O th e r  m echanisms p ro p o sed  f o r  t h i s  sy s tem  i n c lu d e  a d e a l k y l -  
a t i o n - a l k y l a t i o n  mechanism ( 3 5 ) ,  a  f r e e  r a d i c a l  m echanism (28) and an  
e s t e r  fo rm a t io n  w i th  th e  c a t a l y s t  ( 4 9 ) .  None o f  t h e s e  have  had g e n e r a l  
a c c e p ta n c e .
2 .  M eta l  on S o l i d  S u p p o r t
I s o m e r i z a t i o n  i s  e f f e c t e d  u n d e r  p r e s s u r e  and  in  th e  p r e s e n c e  
o f  h y d ro g e n .  The h yd rogen  a p p a r e n t l y  p r e v e n t s  r e p e a t e d  d e h y d ro g e n a t io n  
o f  a d so rb e d  m o le c u le s  and k e ep s  th e  c a t a l y s t  c l e a n  o f  c a rb o n ac eo u s  
d e p o s i t s .
The mechanism f o r  t h i s  c a t a l y s t  t a k e s  p l a c e  a t  two d i s t i n c t  
s i t e s .  The a c c e p te d  mechanism p ro c e e d s  by th e  f o l l o w in g  s t e p s :
( a )  d e h y d ro g e n a t io n  o f  th e  h y d ro c a rb o n  
ov e r  th e  m e ta l  to  g iv e  an  o l e f i n ;
(b) m ig r a t i o n  o f  th e  o l e f i n  t o  an a c id  s i t e ;
(c )  a d d i t i o n  o f  a  p r o to n  to  form  a carbonium  
i o n ;
(d) r e l e a s e  o f  a  new o l e f i n ;
(e )  m i g r a t io n  t o  th e  m e ta l ;
( f )  h y d ro g e n a t io n  o f  th e  i s o - o l e ^ i n .
T h is  d u a l - f u n c t i o n  mechanism i s  i l l u s t r a t e d  below  f o r  c y c l o ­
h ex an e :
D e h y d ro g en a t io n  to  o l e f i n
0  0  + H»
I s o m e r i z a t i o n  by carbon ium  io n  fo r m a t io n  and s k e l e t a l
r e a r r a n g e m e n t
O +S1' 0+ a P C%+ - O'01*3 "s’ 0~CH3
H y d ro g e n a t io n  o f  i s o - o l e f i n
Q ]'CIk + B, a Q - CI^
T h a t  such  a  mechanism i s  p o s s i b l e  h a s  b een  d e m o n s t ra te d  by 
e x p e r im e n ts  o f  M i l l s  (45) w i t h  m e th y lc y c lo p e n ta n e  and o f  W eisz and 
S w eg le r  (113) w i th  n -p e n ta n e  by showing t h a t  p h y s i c a l  m ix tu r e s  o f  p l a t ­
inum c a t a l y s t s  and a c i d i c  c a t a l y s t s  g iv e  i s o m e r i z a t i o n  e q u i v a l e n t  to  a 
s i n g l e  d u a l - f u n c t i o n  c a t a l y s t ,  b u t  s e p a r a t e l y  have no i s o m e r i z a t i o n  
a c t i v i t y .
I t  was p r o b a b le  t h a t  th e  i s o m e r i z a t i o n  s t e p  f o r • t h i s  mechanism 
would be t h e  r a t e  l i m i t i n g  s t e p  and t h i s  h a s  been  shown to  be  t h e  c a s e  
by W eisz  and P r a t e r  (112) and Keulemans and Voge (54) .
The m echanism f o r  th e  c h a in - b r e a k in g  s t e p  has  b een  p ro p o se d  
t o  be r e l a t e d  to  th e  b e t a  f i s s i o n  r u l e  t h a t  e x p l a i n s  th e  p r o d u c t s  o f  
c a t a l y t i c  c r a c k in g  o v e r  a c i d  c a t a l y s t s  (5 3 ,  1 0 0 ) .  The s h i f t i n g  a c t i o n  
i s  v i s u a l i z e d  a s  c a r r y i n g  a  n e g a t i v e  c h a rg e  w i th  t h e  s h i f t i n g  g ro u p .  
The s h i f t  f o r  a  change  from  a  s i x - r i n g  t o  a  f i v e - r i n g  i s  shown.
n o b le  m e ta l  have  b o th  t h e  h y d r o g e n a t io n - d e h y d r o g e n a t io n  and a c i d  s i t e s  
a s  p r e s e n t  in  th e  d u a l - f u n c t i o n  c a t a l y s t s .  B r y a n t ' s  (23) w ork showed
The a c c e p ta n c e  o f  t h e  d u a l - f u n c t i o n  mechanism f o r  th e  m o rd e n i te  c a t a ­
l y s t s ' l e a d s  t o  th e '  i n t e r e s t i n g ' ' a n d '  s i g n i f l e a n t '  o b s e r v a t i o n  t h a t '  H- 
m o r d e n i t e ' ‘h a s ’ h y d r o g e n a t id h - d e h y d r o g e n a t io h  c a p a b i l i t y  e x c l u s i v e  o f
B o th  o f  t h e  above i n v e s t i g a t i o n s  ( 2 3 ,  13) showed no mass 




3 .  C r y s t a l l i n e  Z e o l i t e s
The d u a l - f u n c t i o n  m echanism h a s  a l s o  b een  p ro p o sed  a s - a
p o s s i b l e  mechanism f o r  z e o l i t e s  (2 3 ,  1 3 ) .  Z e o l i t e s  im p reg n a ted  w i th  a
t h e  r a t e  c o n t r o l l i n g  s t e p  to  be t h e  i s o m e r i z a t i o n  a s  e v id en c e d  by th e  
‘C o n s ta n t  r a t e 'w i t h  c h a n g in g  m e ta l  c o n t e n t  'and t h e  r a t e '  dependency  on 
th e  a c id  s i t e s  by r e d u c in g  t h e s e  s i t e s  w i th  magnesium and z in c  exchange .
m e ta l  im p re g n a t io n  f o r  t h e  a p p r o p r i a t e  s i z e  m o le c u le s  ( i . e . ,  n -p e n ta n e  
and n -h e x a n e ,  b u t  n o t  n - h e p t a n e ) .
m acropore  d i f f u s i o n  and w ere  c o m p a t ib le  w i th  a  r e v e r s i b l e ,  f i r s t - o r d e r  
r e a c t i o n  a t  a  d u a l  s i t e .
E . C r y s t a l l i n e  Z e o l i t e s
1. I n t r o d u c t i o n
Z e o l i t e s  a r e  c r y s t a l l i n e  a l u m i n o s i l i c a t e s  composed o f  S i0 4  
and A104  t e t r a h e d r a  a r r a n g e d  i n  v a r i o u s  g e o m e t r ic  p a t t e r n s .  B a r r e r  
( 6 , 8 8 ) r e p o r t e d  t h a t  t h e r e  a r e  30 to' 40 n a t u r a l l y  o c c u r r in g  z e o l i t e
1
m i n e r a l s ;  and a b o u t  2 0  p u r e l y  s y n t h e t i c  v a r i e t i e s  a r e  known w hich  do 
n o t  a p p e a r  to  have  n a t u r a l  c o u n t e r p a r t s .
Z e o l i t e  m in e r a l s  w ere  d i s c o v e r e d  and qamed in  1756 by B aron  
C r o n s t e d t ,  a  Sw edish  m i n e r a l o g i s t :  The f i r s t  r e p o r t  o f  t h e  z e o l i t e
s e l e c t i v e  a d s o r p t i v e  p r o p e r t i e s  w ere  made by  W eige l and S t e i n h o f f  in  
1925, and McBain in  1932 p ro p o se d  th e  te rm  " m o le c u la r  s i e v e "  in  d i s c u s s ­
in g  t h e i r  r e s u l t s  ( 6 3 ) .  The d ev e lopm en t o f  x - r a y  d i f f r a c t i o n  t e c h n i q u e s ,  
f i r s t  a p p l i e d  t o  z e o l i t e s  by P a u l in g  and T a y lo r  (7 2 ,  9 9 ) ,  p e r m i t t e d '  
r a p i d  c h a r a c t e r i z a t i o n  and s t r u c t u r e  d e t e r m i n a t i o n  o f  a  l a r g e  number o f  
z e o l i t e s .  B a r r e r  (16) b egan  h i s  p i o n e e r i n g  i n v e s t i g a t i o n  o f  th e  a d s o r p -  
t i v e  p r o p e r t i e s  o f  z e o l i t e s  i n  t h e  l a t e  1 9 3 0 's .  I n  th e  1940 ' s  M i l to n  
and a s s o c i a t e s  a t  Union C a rb id e  C o r p o r a t io n ,  L in d e  D i v i s i o n ,  embarked 
on a  program  o f  t h e  s y n t h e s i s  and u se  o f  z e o l i t e s  f o r  i n d u s t r i a l  s e p a ­
r a t i o n  o f  g a s e s . -T h is -g ro u p -  d e v e lo p e d  - tw o -c o m p le te ly  - n e w - s t r u c tu r e s  
d e s ig n a t e d  a s  ty p e  A and ty p e  X. I n  r e c e n t  y e a r s ,  z e o l i t e s  have found 
a p p l i c a t i o n  i n  d r y in g ,  s e l e c t i v e  s e p a r a t i o n  o f  g a s e s ,  io n -e x c h an g e  and 
m ost r e c e n t l y  a s  h ig h ly  a c t i v e  c a t a l y s t s .
2 .  P h y s i c a l  and C hem ical P r o p e r t i e s
a .  S t r u c t u r a l  P r o p e r t i e s  
1 .  G e n e ra l
Sodium z e o l i t e s  a r e  s y n th e s i z e d  when r e a c t i v e  g e l s  
formed from  m ix in g  aqueous s o l u t i o n s  o f  sodium  a lu m in a te ,  sodium
s i l i c a t e  and sodium h y d ro x id e  a r e  a l lo w ed  to  c r y s t a l l i z e  a t  25 -
iooPc .
The g e n e r a l  fo rm u la  f o r  one u n i t  c e l l  o f  t h e s e  
c r y s t a l l i n e  a l u m i n o s i l i c a t e s  i s
M*/n [ (A102 ) x ( S i 0 2 ) y]  • aHgO 
i n  w hich M i s  a  c a t i o n  w i th  a  v a le n c e  o f  one o r  two a s  d e s i g n a t e d  by 
"n "  and x ,  y ,  and n a r e  i n t e g e r s .  The r a t i o  y / x  v a r i e s  b e tw een  one 
and f i v e  and e s t a b l i s h  t h e  fram ew ork c o m p o s i t io n .  The m o le c u le s  o f  
w a te r  i n  th e  u n i t  c e l l  a r e  d e s i g n a t e d  by " a " .
T h e re  a r e  sev en  c l a s s i f i c a t i o n  g ro u p s  o f  z e o l i t e s :  
a n a l c i t e ,  n a t r o l i t e ,  c h a b a z i t e ,  h a rm o to n e , h e u l a n d i t e ,  m o rd e n i te  and 
f a u j a s i t e  ( 6 ) . T h is  c l a s s i f i c a t i o n  i s  b a se d  on s i m i l a r i t y  o f  a r r a n g e ­
m ent o f  s ec o n d a ry  s t r u c t u r a l  u n i t s  i n  t h e  c r y s t a l  a s  r e v e a l e d  by x - r a y  
d i f f r a c t i o n .  T a b le  I  (page  19) l i s t s  t h e  p r o p e r t i e s  o f  some im p o r ta n t  
z e o l i t e s  by g ro u p s  ( 1 0 2 , 2 1 ) .
The b a s i c  c h e m ic a l  s t r u c t u r e  o f  a l l  z e o l i t e  c r y s ­
t a l s  i s  th e  t e t r a h e d r o n  c p n s i s t i n g  o f  f o u r  oxygen atom s w i t h  an  Al3  + 
o r  S i4+  atom i n  th e  c e n t e r .  T hese  c r y s t a l  s t r u c t u r e s  a r e  i l l u s t r a t e d  
i n  F ig u r e  3 (page  20) . To m a i n t a i n  e l e c t r i c a l  n e u t r a l i t y ,  e ach  Al3+  
r e q u i r e s  a  m onova len t i o n ,  su ch  a s  Na+ , o r  n eed s  t o  s h a r e  a  d i v a l e n t  
io n ,  such  a s  CaP +  .
The u n iq u e  s t r u c t u r a l  f e a t u r e  o f  th e  m o le c u la r  
s i e v e s  i s  th e  n a r ro w , u n i fo rm  c o n t in u o u s  c h a n n e l  sy s tem  t h a t  becomes 
a v a i l a b l e  a f t e r  th e  z e o l i t i c  w a te r  h a s  b een  d r i v e n  o f f  by h e a t i n g  and 
e v a c u a t io n .  G re a t  th e rm a l  s t a b i l i t y  a f t e r  d e h y d r a t i o n  h a s  b een  o b se rv ed  
in  th e  r i g i d  l a t t i c e s  o f  X- and Y - ty p e  f a u j a s i t e s ,  z e o l i t e  A, m o rd e n i te
T a b le  I .  P r o p e r t i e s  o f  Some Im p o r ta n t  Z e o l i t e s ( 2 1 )  .
G e n e ra l  fo rm u la  M^/n [(A10s ) x (SiOa ) y ] • aHgO




A p e ra tu r i  
S i z e ,  AName M X y . a Symmetry
A nalcim e Group 
Amalcime Na 16 32 16 C ubic 0 .099 - 2 .8
F a u j a s i t e  Group 
Z e o l i t e  A Na 12 12 27 C ubic 0 .3 0 4 .2
F a u j a s i t e Na,Ca,Mg 60 132 260 C ubic 0 .3 5 8
Z e o l i t e  X Na 86 106 264 C ubic 0 .3 6 8
Z e o l i t e  Y Na 56 136 264 C ubic 0 .3 5 8
C h a b a z i te  Group 
C h a b a z i te Ca 8 16 ' 26 R hom bohedral 0 .2 9 3 .0 x 4 .3
E r i o n i t e Ca,Mg,Na • 9 27 27 H exagonal 0 .2 1 3 .6 x 5 .2
Harmotone Group 
P h i l l i p s i t e K,Na 5 11 10 O rth o rh o m b ic 0 .2 2 4 .0
M o rd e n i te  Group
M o rd en ite Na 8 40 24 O rth o rh o m b ic 0 .1 4 5 .8 x 7 .0
H e u la n d i t e  Group
S t i l b i t e Na,K,Ca - 10 26 28 M o n o c l in ic 0 .2 2 <—'2 . 6
N a t r o l i t e  Group 
N a t r o l i t e Na 16 24 16
asam
T etrahedron  of four 
• oxygen a tom s w ith a 
s il ic o n  atom  in the cen ter
S ilico n  (Si ) rep la ced  w ith
•p j
:an a lum inum  (A1 ) and a
sod ium  (Na+ *)
Two alum inum  atom s  
sh a re  one d iva len t ca lc iu m  atom
F ig u re  3 . B a s ic  F ram ew ork  of Z eo lite  C r y sta ls .
and c h a b a z i t e .  T h is  i s  one o f  th e  r e a s o n s  t h a t  t h e s e  z e o l i t e s  have  
r e c e iv e d  th e  g r e a t e s t  a t t e n t i o n .
The f a u j a s i t e  g ro u p ,  w h ich  i n c l u d e s  s y n t h e t i c  ty p e s  
A, X and Y, a r e  z e o l i t e s  b u i l t  from th e  b a s i c  s t u r c t u r e  c a l l e d  s o d a l i t e ,  
w hich i n  i t s e l f  i s  n o t  a z e o l i t e .  The c r y s t a l  s t r u c t u r e s  o f  s o d a l i t e  
and a f a u j a s i t e  s t r u c t u r e  b u i l t  from u n i t s  o f  s o d a l i t e  a r e  shown in  
F ig u r e  4  (p ag e  2 2 ) .  I n  t h e  c r y s t a l  s t r u c t u r e  t h e  v e r t i c e s  r e p r e s e n t  S i  
o r  A1 atoms and th e  l i n e s  r e p r e s e n t  oxygen atoms^ I n  th e  a to m ic  s t r u c ­
t u r e  t h e  d a r k  c i r c l e s  r e p r e s e n t  Si- o r  A1 a tom s and t h e  open c i r c l e s  
r e p r e s e n t  oxygen a to m s . .
Z e o l i t e s  i n  th e  c h a b a z i t e  g ro u p  have  a l u m i n o s i l i c a t e  
fram ew orks b e s t  r e p r e s e n t e d  in  te rm s o f  s h e e t s  o r  l a y e r s  o f  l in k e d  r i n g s  
o f  t e t r a h e d r a .
2 ~  M o rd e n i te  —
M o rd e n i te  has  o n ly  a  tw o - d im e n s io n a l ,  t u b u l a r  p o re  
sy s tem  in  c o n t r a s t  to  th e  s o d a l i t e  z e o l i t e s  w i t h  a  t h r e e - d im e n s i o n a l  
p o re  s t r u c t u r e  t h a t  c o n ta i n s  c a g e s .  The u n i t  c e l l  s t r u c t u r a l  fo rm u la  
o f  m o rd e n i te  i s  .
Nae [ (AlOa ) a <SiOa ) 4 0 ]  - 2 4 ^ 0  
T h is  z e o l i t e  h a s  t h e  d i s t i n c t i o n  o f  h a v in g  th e  h i g h e s t  S i / A l  r a t i o .  A 
c r o s s  s e c t i o n a l  v iew  o f  m o rd e n i te  i s  shown i n  F i g u r e  5 (p ag e  2 3 ) .  As 
r e p o r t e d  by M eie r  (64) in  h i s  s t r u c t u r a l  d e t e r m i n a t i o n ,  m o rd e n i te  i s  
o r th o rh o m b ic  w i th  u n i t  c e l l  d im en s io n s  o f  a  = 1 8 .1 3  X, b -  20*49 X, and 
c  ** 7 .5 2  The c r y s t a l  s t r u c t u r e  c o n s i s t s  o f  c h a i n s  o f  4 -  and 5 - r i n g s  
o f  S i  and A1 t e t r a h e d r a  l i n k e d  i a t e r a l l y  so  t h a t  a  sy s te m  o f  l a r g e ,  
e l l i p t i c a l ,  p a r a l l e l  c h a n n e ls  i n t e r c o n n e c t e d  by s m a l l e r  c r o s s  c h a n n e ls  
i s  c r e a t e d .  T hese  e l l i p t i c a l  t u b e s ,  w h ich  a r e  form ed be tw een  th e  c h a in s
s o d a l i t e
Oxygen atom
s i l i c o n  o r  
aluminum atom
c r y s t a l
s t r u c t u r e a to m ic
s t r u c t u r e






F ig u re  5 . C r o ss -S e c t io n a l V iew  of M o r d e n ite ^ ^
by r i n g s  o f  tw e lv e  t e t r a h e d r a ,  have a  m a jo r  and m in o r  d ia m e te r  o f
6 .9 5  £  and 5 .8 1  X. r e s p e c t i v e l y .
I n  a d d i t i o n  to  b e in g  found  in  n a t u r e ,  m o rd e n i te  can  
be  s y n th e s i z e d  a s  r e p o r t e d  by B a r r e r  i n  1948 ( 8 ) and p a t e n t s  i s s u e d  to  
N orton  Company (1 1 7 , 118) and to  A i r  L iq u id e  ( 1 2 0 ) .
b .  " A c id ic "  P r o p e r t i e s
Z e o l i t e s  c o n ta i n in g  a p r o t o n i c  s p e c i e s  i n s t e a d  o f  a 
m e t a l l i c  c a t i o n  a s s o c i a t e d  w i th  t h e  n e g a t i v e l y  ch a rg ed  l a t t i c e  A104  
u n i t  i s  d e s ig n a te d  hyd rogen  z e o l i t e .  Hydrogen z e o l i t e s  can  be  p re p a re d  
e i t h e r  by d i r e c t  io n  exchange w i th  m in e r a l  a c i d s  o r  by th e rm a l  decompo­
s i t i o n  o f  t h e  NH4 + form o f  th e  z e o l i t e .  B a r r e r  (9 ) r e p o r t e d  g e n e r a t i o n  
o f  th e  h yd rogen  form s o f  m o rd e n i te  and c h a b a z i t e  from  th e rm a l  decompo­
s i t i o n  o f  th e  ammonia forms a s  e a r l y  a s  1949. R abo, e t  a l .  ( 8 8 ) o b ­
s e rv e d  t h a t  c a l c i n a t i o n  o f  an  N H ^ - ty p e  f a u j a s i t e  was a s s o c i a t e d  w i th  
t h e  a p p e a ra n c e o f  a  p r o t o n i c  form i n  1960.
I n f r a r e d  s t u d i e s  by H a l l ,  e t  a l .  (1 0 4 ,  59) and A n g e l l  
and S c h a f f e r  (2) and a  s tu d y  o f  th e  t e m p e r a tu r e  d ependence  o f  th e  evo- 
l u a t i o n  o f  w a te r  and ammonia by T u rk e v ic h  and C ib o ro w sk i (103) have  
c o n t r i b u t e d  s i g n i f i c a n t l y  to  an u n d e r s t a n d in g  o f  d e c a t i o n a t e d  Y - ty p e  
z e o l i t e s .
The f o l l o w in g  s t r u c t u r a l  m odel has  b e e n  p ro p o s e d .
Ammonia i s  r e l e a s e d  in  t h e  h e a t  t r e a tm e n t  o f  t h e  N%'*' exchanged  z e o ­
l i t e .  The p o i n t - c h a r g e  p r o to n s  r e m a in in g  to  s c r e e n  th e  n e g a t i v e  c h a rg e  
on th e  A104  t e t r a h e d r a  r e a c t  w i th  l a t t i c e  oxygen i n  S i-O -A l bonds t o  
form  a  t h r e e - c o o r d i n a t e  aluminum t h a t  i s  a d j a c e n t  t o  an  SiOH group 
( l i b )  a s  d e p i c t e d  on th e  fo l lo w in g  p ag e :
(I) (Ha) (Hb)
S t r u c t u r e  I I  r e a c t s  a s  a  B ro n s te d  a c i d .  T h i s  ty p e  s t r u c t u r e  o c c u r s  a t
t e m p e r a tu r e s  a s  low a s  284°F and th e  p ro c e s s  i s  c o m p le te  a t  a b o u t
i
662° F (1 0 2 , 1 0 7 ) .
A t h ig h e r  t e m p e r a t u r e s ,  t h e  p r o t o n i c  form  e x h i b i t s
I
i n s t a b i l i t y  and decom poses in  a  p r o c e s s  i n v o lv in g  th e  l o s s  o f  one mole 
o f  w a te r  p e r  p a i r  o f  A104  t e t r a h e d r a  to  form a d e f e c t  s t r u c t u r e  (8 3 ,  
1 8 ) .
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Group (VI) i s  v iew ed  as  c o n s i s t i n g  o f  one re fo rm ed  A104  
t e t r a h e d r o n  b e a r in g  a  n e g a t i v e  c h a rg e  (B ro n s te d  b a s e )  and a  3 - c o o r d i ­
n a t e  aluminum io n  a d j a c e n t  to  a  3 - c o o r d i n a t e  s i l i c o n  io n  b e a r in g  a  p o s ­
i t i v e  c h a rg e  (Lewis a c i d ) . T h is  p r o c e s s  . i s  n o t  c o m p le te  u n t i l  above 
1472°F .  T h u s ,  i n  t h e  u s u a l  method o f  a c t i v a t i o n ,  a t  842°F a m ix tu r e  
o f  B ro n s te d  and Lew is  a c i d  s i t e s  and o f  B ro n s te d  b a s e  s i t e s  i s  p r o ­
d u c ed .
The s i g n i f i c a n c e  o f  th e  ty p e  o f  s t r u c t u r e ,  o b ta in e d  in  
c a l c i n a t i o n ,  on th e  c a t a l y t i c  a c t i v i t y  has  b een  d e m o n s t r a t e d  f o r  
e th y le n e - b e n z e n e  a l k y l a t i o n  o v e r  m o d if ie d  f a u j a s i t e s  (106) and f o r  
hexane and p e n ta n e  c r a c k in g  o v e r  NH4 *  f a u j a s i t e s  and m o rd e n i te s
( 1 6 ) .  I n  b o th  c a s e s  an  optimum c a l c i n a t i o n  te m p e r a tu r e  was demon­
s t r a t e d .
c .  D i f f u s i o n  in  Z e o l i t e s
I t  i s  w e l l  known in  h e te r o g e n e o u s  c a t a l y t i c  sy s tem s  t h a t  
t h e  c h em ica l  t r a n s f o r m a t i o n  a t  th e  c a t a l y s t  s i t e  may n o t  be r a t e  d e t e r ­
m in in g  ( 1 1 2 ) .  In d e e d ,  v a r io u s  d i f f u s i o n  and a d s o r p t i o n  p r o c e s s e s  may 
a f f e c t  th e  o v e r a l l  r a t e .
Two ty p e s  o f  d i f f u s i o n  have been  t r e a t e d  e x t e n s i v e l y  in  
t h e  l i t e r a t u r e  in  d e s c r i b i n g  m o le c u la r  t r a n s p o r t .  T hese  two ty p e s  a r e  
Knudsen d i f f u s i o n  and " b u lk "  d i f f u s i o n .  Knudsep f lo w  o c c u r s  when th e  
mean f r e e  p a t h  o f  m o le c u le s  i s  c o h s i d e r a b l y  g r e a t e r  th a n  th e  p o re
d ia m e t e r .  Such c o n d i t i o n s  a r e  u s u a l  w i th  g a s  r e a c t i o n s  on c a t a l y s t s
o
w i t h  p o re  d ia m e te r s  i n  th e  r a n g e  o f  30-1000  A. When t h e  mean f r e e  
p a t h  i s  much s m a l l e r  th a n  th e  p o re  d i a m e t e r ,  m o le c u la r  c o l l i s i o n s  a r e  
m ore f r e q u e n t  th a n  c o l l i s i o n s  w i th  t h e  w a l l .  The r a t e  o f  d i f f u s i o n  i s  
in d e p e n d e n t  o f  t h e  p o re  r a d i u s  and i s  c l a s s e d  a s  b u l k  d i f f u s i o n .
D i f f u s i o n  in  c r y s t a l l i n e  z e o l i t e  s t r u c t u r e s  i s  c h a r a c t e r ­
i z e d  by p o re  d ia m e te r  and m o le c u la r  d ia m e te r  b e in g  o f  t h e  same o r d e r  o f  
m a g n i tu d e .  The movement o f  m o le c u le s  i n  z e o l i t e  p o r e s  has  a s p e c t s  o f  
b o th  a d s o r p t i o n  and d i f f u s i o n .  A s a t i s f a c t o r y  t h e o r y  f o r  t h i s  " s u r f a c e  
ty p e "  d i f f u s i o n  has  y e t  to  be d e v e lo p e d .  However, e x p e r im e n ta l  t e c h ­
n iq u e s  and p ro p o sed  m odels  a r e  r e c e i v i n g  c o n s i d e r a b l e  a t t e n t i o n .
F r a b e t t i  (36) s t u d i e d  th e  d i f f u s i o n  o f  Cx -Ca h y d ro c a rb o n s  i n  Na"  ^
m o rd e n i te  a t  t e m p e r a tu r e s  from 25 to  140PF and a t  p r e s s u r e s  r a n g in g  
from  0 .2  to  20 cm Hg. The e x p e r im e n ta l  d i f f u s i o n  c o e f f i c i e n t s  o b ta in e d  
by  t r a n s i e n t  a d s o r p t i o n  r a t e  and d e s o r p t i o n  r a t e  m easu rem en ts  u n d e r  
t h e s e  c o n d i t i o n s  w ere  o f  t h e  o r d e r  o f  1 0 ~ 9  t o  1 0 “ 1 0  c n P / s e c .
B e e c h e r ,  V o o rh ie s  and E b e r ly  (14) s t u d i e d  th e  a d s o r p t i o n  
•and d i f f u s i o n  o f  t o l u e n e ,  n - o c ta n e  and d e c a l i n  i n  h yd rogen  m o rd e n i te  and
a lu m in u m -d e f ic ie n t  m o rd e n i te  a t  200°F . D i f f u s i v i t y  v a l u e s  c a l c u l a t e d  
from  a  m odel o f  d i f f u s i o n  i n t o  a s p h e r i c a l  p a r t i c l e  a t  c o n s t a n t  e x t e r ­
n a l  p r e s s u r e  were o f  t h e  o rd e r  o f  1-3 x  10 "6  c n P / s e c .  V a lu es  w ere  
h ig h e r  in  th e  a lu m in u m -d e f ic ie n t  m o rd e n i te .
E b e r ly  (31) has  r e p o r t e d  a d s o r p t i o n  and d i f f u s i o n  r a t e s  
i n  5A m o le c u la r  s i e v e  and e r i o n i t e  f o r  n - p e n ta n e  th ro u g h  n - o c t a n e  a t  
9 3 -2 0 7 °F . The d i f f u s i v i t i e s  were  on th e  o r d e r  o f  20 x  10 “7  c i tF /s e c  
a t  93°F on 5A and 0 .5  t o  5 x  10 “7  ctr? / s e c  on e r i o n i t e .  The v a lu e s  
d e c r e a s e d  w i th  m o le c u la r  s i z e  and 1 i n c r e a s e d  w i th  t e m p e r a tu r e  w i th  an 
■ a c t iv a t io n  en e rg y  o f  7 -9  k c a l /m o l .
D i f f u s i o n  and a d s o r p t i o n  r a t e s  in  o t h e r  z e o l i t e s  have 
b een  r e p o r t e d  ( 5 ,  11, 6 8 ) and a more co m p le te  r e v ie w  o f  d i f f u s i o n  i n  
v a r i o u s  g a s - z e o l i t e  sy stem s can  be  found  i n  a  d i s c u s s i o n  by W a lk e r ,  
A u s t in  and N andi ( 1 0 9 ) .
3 .  C a t a l y t i c  P r o p e r t i e s  o f  C r y s t a l l i n e  Z e o l i t e s
The c a t a l y t i c  c h a r a c t e r i s t i c s  o f  z e o l i t e s  a r e  b e in g  
s t u d i e d  e x h a u s t i v e l y  a s  i s  e v i d e n t  by t h e  l i t e r a t u r e  r e v ie w  on th e  
z e o l i t e s  used  in  i s o m e r i z a t i o n .  The m a j o r i t y  o f  t h e s e  s t u d i e s  have  
been  made i n  th e  p a s t  d ecad e  a l th o u g h  one o f  th e  f i r s t  p a t e n t s  f o r  a  
z e o l i t e  c a t a l y s t  was i s s u e d  in  1917 (1 2 1 ) .
I n  1960, W eisz , F r i l e t t e  and c o -w o rk e rs  f i r s t  r e p o r t e d  
m o le c u la r  shape  s e l e c t i v e  c r a c k i n g ,  a l c o h o l  d e h y d r a t i o n  and h y d r a t i o n  
w i th  sm a l l  p o re  z e o l i t e s  ( 1 1 0 , 1 1 1 ) and a  c o m p ar iso n  o f  sodium  and c a l  
cium X - z e o l i t e s  i n  c r a c k in g  o f  p a r a f f i n s ,  o l e f i n s  and a l k y l a r o m a t i c s  
( 3 8 ) .
I n  1961, th e  c a t a l y t i c  p r o p e r t i e s  o f  m o r d e n i te  w ere
• r e p o r te d  by Keough and Sand (52) f o r  c r a c k in g  o f  n -d e c a n e  and*
n -h e x a d e c a n e ,  f o r  d e h y d r a t i o n  o f  e t h a n o l  and f o r  i s o m e r i z a t i o n  o f  
c y c lo h e x a n e .  A ls o ,  in  1961, Rabo and a s s o c i a t e s  ( 8 8 ) r e p o r t e d  on th e  
h y d r o i s o m e r i z a t io n  o f  p a r a f f i n s  ov e r  v a r i o u s  z e o l i t e s  lo a d e d  w i t h  
s m a l l  am ounts  o f  n o b le  m e t a l s .  S in c e  th e n ,  th e  f i e l d  o f  z e o l i t e  
c a t a l y s i s  h a s  r a p i d l y  expanded .
A b r i e f  summary o f  some o f  th e  p o t e n t i a l  c a t a l y t i c  r e a c t i o n  
a p p l i c a t i o n s  w i th  z e o l i t e s  i s  g iv e n  i n  T a b le  I I  (page 2 9 ) .  A d i s c u s ­
s i o n  o f  a l l  o f  th e  c a t a l y t i c  s t u d i e s  c a r r i e d  o u f  w i th  z e o l i t e s  has  
become to o  numerous t o  enum era te  a s  e v id e n c e d  by two r e c e n t  a r t i c l e s  
d e v o te d  s o l e l y  to  th e  r e v ie w  o f  th e  c a t a l y t i c  s t u d i e s  w i t h  z e o l i t e s .  
T u rk e v ic h  (102) has  re v iew ed  th o s e  r e a c t i o n s  p r i m a r i l y  a s s o c i a t e d  w i th  
p e t r o le u m  r e f i n i n g ;  and Venuto and L a n d is  (107) have rev ie w ed  th e  
c a t a l y s i s  o f  o t h e r  o r g a n ic  r e a c t i o n s  by  z e o l i t e s .
T a b le  XI. P o t e n t i a l  M o le c u la r - S ie v e  C a t a l y s t  A p p l i c a t i o n s ( 7 4 ) .
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CHAPTER I I I
EXPERIMENTAL EQUIPMENT AND PROCEDURE
A. G e n e ra l
The e x p e r im e n t s  o f  t h i s  r e s e a r c h  have  b een  p e r f o r m e d  i n  th e  
P e tro le u m  P r o c e s s i n g  L a b o r a to r y  o f  th e  C hem ical E n g in e e r in g  D epartm en t 
a t  L o u i s i a n a  S t a t e  U n i v e r s i t y .  T h is  p r o j e c t  i s  sp o n so re d  by E sso  
R e se a rc h  and E n g in e e r in g  Company and a l l  o f  th e  equ ipm ent was o r i g i n a l l y  
f a b r i c a t e d  by o r  p u rc h a se d  th ro u g h  th e  E sso  R e se a rc h  L a b o r a t o r i e s ,
B a to n  Rouge, L o u i s i a n a .  P .  A. B ry a n t ,  t h e  o r i g i n a l  member o f  th e  
r e s e a r c h  p r o j e c t ,  p la n n e d  and d e s ig n e d  th e  o r i g i n a l  eq u ip m en t.  Modi­
f i c a t i o n s  have  b een  p e rfo rm ed  by a n o th e r  member, R. G. B ee c h e r ,  and 
th e  a u t h o r .
B. A p p a ra tu s
1. R e a c t io n  System
The r e a c t i o n  sy s tem  c o n s i s t s  o f  a  l i q u i d  fe e d  sy s tem , a  g a s  
feed  sy s te m , a  r e a c t o r ,  and a  p r o d u c t  r e c o v e r y  sy s te m . The sy s tem , 
w i th  th e  e x c e p t io n  o f  t h e  pump and th e  g a s  c y l i n d e r s ,  i s  housed i n  a  
w a lk - in  hood p ro v id e d  w i th  a 3000 cfm e x h a u s t  f a n  and s l i d i n g  s a f e t y  
g l a s s  p a n e l s .  The pump i s  l o c a t e d  a d j a c e n t  t o  th e  hood and th e  c y l i n ­
d e r s  a r e  s t a t i o n e d  o u t s i d e  o f  th e  b u i l d i n g .  The sy s tem  i s  s u p p o r te d  
on a  s t e e l  f r a m e ,  t h r e e  f e e t  w id e ,  t h r e e  f e e t  d e e p ,  and s i x  f e e t  h i g h .
A s c h e m a t ic  o f  th e  p h y s i c a l  a r ra n g e m e n t  o f  t h i s  sy s tem  i s  shown in
F ig u r e  6  (page  32) and a  s i m p l i f i e d  f lo w  d ia g ra m  o f  th e  sy s te m  i s  
g iv e n  in  F ig u r e  7 (p ag e  33) .
a .  L iq u id  Feed  System
L i q u id  fe e d  i s  m e te red  t o  t h e  r e a c t o r  w i th  a  h ig h  
p r e s s u r e  Ruska* pump. T h i s  pump o p e r a t e s  l i k e  a  s y r in g e  w i t h  th e  
p i s t o n  b e in g  d r i v e n  by  a  synch ronous  m o to r .  Feed r a t e s  can  b e  a d ju s t e d  
by ch an g in g  g e a r s  t o  g i v e  from 2 to  240 c c / h r  w i t h  a  p r e c i s i o n  o f  0 .1 5  
c c / h r .  The c a p a c i t y  o f  t h e  pump i s  250 c c .  Thq pump i s  f i l l e d  from a 
250 cc  b u r e t  c o n n e c te d  to  th e  pump.
b .  Gas Feed  System
F a c i l i t i e s  f o r  two g a se s  w ere  d e s ig n e d  i n t o  t h e  sy s tem . 
Hydrogen i s  used  in  t h e  r e a c t i o n  s t u d i e s  and n i t r o g e n  i s  u sed  t o  p u rg e  
b o th  th e  r e a c t o r  and th e  l i q u i d  fe e d  sy s te m . B oth  g a s e s  a r e  ro u te d  
in d e p e n d e n t ly  th ro u g h  a  p r e s s u r e  r e g u l a t o r  and d r i e r ,  and th e  two 
system s a r e  j o in e d  a t  a  m a n i f o ld .  The g a s  b e in g  u sed  i s  r o u t e d  th ro u g h  
a second p r e s s u r e  r e g u l a t o r  and d r i e r  th e n  th ro u g h  an o r i f i c e  dP c e l l  
t o  g iv e  an i n d i c a t i o n  o f  t h e  r a t e  and th ro u g h  a  n e e d le  v a lv e  w hich i s  
u sed  to  c o n t r o l  th e  f lo w .  I t  th e n  goes  by a  p r e s s u r e  gage  and s a f e t y  
v a lv e  to  a  1 /16  in c h  tu b in g  t e e  w here m ix tu r e  w i th  t h e  l i q u i d  o c c u r s .  
T h is  m ix tu r e  goes  i n t o  th e  r e a c t o r .
c .  R e a c to r
A c r o s s  s e c t i o n a l  v iew  o f  th e  r e a c t o r '  and h e a t i n g  assem r 
b ly  i s  shown in  F ig u r e  8  (p ag e  3 4 ) .  The r e a c t o r  i s  c o n s t r u c t e d  o f  
s c h e d u le  80 I n c o n e l  p i p e .  I t  i s  d e s ig n e d  f o r  a c a p a c i t y  o f  4 0 -50  cc 
o f  c a t a l y s t .  However, 15 cc  i s  th e  s t a n d a r d  volume u sed  i n  a l l  o f
^M an u fac tu red  by  Ruska I n s t r u m e n t  C o r p o r a t io n ,  H o uston , T e x a s .
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F ig u r e  7 . S im p l i f i e d  Flow Diagram o f  t h e  E qu ipm ent.
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F ig u r e  8 . C r o s s - S e c t i o n a l  View o f  R e a c to r  in  F lu id iz e d - S a n d - B a th  
H e a t in g  V e s s e l .
t h e s e  e x p e r im e n t s .  A f l a n g e  o p en ing  i s  p ro v id e d  in  t h e  r e a c t o r  f o r  
i n t r o d u c i n g  and removing th e  c a t a l y s t .  A s t e e l  O - r in g  form s a 
p r e s s u r e - t i g h t  s e a l  i n  th e  V -groove s e a t  o f  t h e  f l a n g e  when t h e  te m p e r­
a tu r e - c o m p e n s a t in g  c o u p l in g  i s  a t t a c h e d .* * .
The c a t a l y s t  i s  p o s i t i o n e d  i n  t h e  r e a c t o r  be tw een  two 
m i c r o - m e t a l l i c  p o ro u s  f r i t s .  These  f r i t s  p r e v e n t  c a t a l y s t  p a r t i c l e s  
from l e a v i n g  th e  r e a c t o r .
The te m p e ra tu re  in  t h e  c a t a l y s t  ^s m easured  w i th  an 
i r o n - c o n s t a n t a n  th e rm o co u p le .  The 1 /16  in c h  d ia m e te r  m e t a l l i c  sh e a th e d  
th e rm o c o u p le  e n t e r s  t h e  r e a c t o r  th ro u g h  a  Conax f i t t i n g  and p r o t r u d e s  
% in c h  i n t o  t h e  r e a c t o r .
The h e a t i n g  sy s tem  i s  d e s ig n e d  f o r  i s o th e r m a l  te m p e r­
a t u r e  c o n t r o l .  T h is  i s  e s s e n t i a l l y  a c h ie v e d  by  u s in g  a  f l u i d i z e d  bed 
to  t r a n s f e r  h e a t .  T h is  bed c o n s i s t s  o f  s i l i c a - a l u m i n a  p a r t i c l e s  
f l u i d i z e d  by  a  c o n t in u o u s  s t r e a m  o f  a i r .  The f l u i d i z e d  bed  i s  4% in c h e s  
i n  d ia m e te r  and 21 in c h e s  h ig h .  I t  i s  s u p p o r te d  on a  p o ro u s  f r i t  and 
a i r  i s  m e te re d  t o  t h e  bed  th ro u g h  t h i s  f r i t .  H ea t i s  t r a n s f e r r e d  to  
th e  f l u i d i z e d  bed by s i x  5 0 0 -w a t t  s t r i p  h e a t e r  e l e m e n ts .  T h ree  o f  th e  
e le m e n ts  a r e  m a n u a l ly  c o n t r o l l e d  b y  a  r h e o s t a t  and t h r e e  a r e  a u to m a t­
i c a l l y  c o n t r o l l e d  by a West o n - o f f  t e m p e r a t u r e  c o n t r o l l e r .  Two in c h e s  
o f  i n s u l a t i o n  a r e  u sed  to  c o v e r  t h e  h e a t e r s .
T em p era tu re  r e a d in g s  o f  t h e  c a t a l y s t  bed and f l u i d i z e d  
bed a r e  t a k e n  from a  L eeds  and N o r th ru p  Speedomax H te m p e r a tu r e  i n d i ­
c a t o r .  T h i s  in s t ru m e n t  was c a l i b r a t e d  w i t h  a  p o t e n t io m e te r  and found 
to  a g re e  w i t h i n  one d e g re e  F a h r e n h e i t .
**Com plete  f l a n g e  a ssem b ly  m a n u fa c tu re d  by  D .S .D . Company o f  
E a s t  G ran b y , C o n n e c t i c u t .
The fe e d  m ix tu r e  o f  gas  and l i q u i d  i s  h e a te d  t o  th e  
r e a c t o r  t e m p e ra tu re  b e f o r e  e n t e r i n g  t h e  r e a c t o r .  T h is  h e a t i n g  i s  
a c h ie v e d  by c i r c u l a t i n g  th e  f e e d in g  l i n e  s e v e r a l  t u r n s  around  th e  
r e a c t o r  b e f o r e  i t  c o n n e c ts  t o  t h e  r e a c t o r .
d . P ro d u c t  R ecovery  System  :
i
The r e a c t o r  p r o d u c t s  a r e  removed from th e  r e a c t o r  
th ro u g h  a  Grove "M ity -M ite"  b a c k - p r e s s u r e  r e g u l a t o r .  An i c e - w a te r  
b a t h  system  i s  p ro v id e d  to  co n d en se  th o s e  p r o d u q t s  whose dew p o i n t  i s  
above room te m p e r a tu r e .  The com ponents  n o t  condensed  p a ss  th ro u g h  a 
w a te r  s a t u r a t o r  and a w e t - t e s t  m e te r  f o r  m easu rem en t.  L iq u id  p ro d u c t  
r e c o v e r y  was n o t  r e q u i r e d  f o r  m ost o f  t h e s e  e x p e r im e n t s .
2 . A n a l y t i c a l  System
A n a ly se s  o f  th e  p r o d u c t s  w ere  made w i th  a F & M Model 810R 
d u a l-co lu m n  ch ro m a to g ra p h .  A t e n  f o o t  c o lu m n .o f  10%. s i l i c o n e  r u b b e r ,  
SE-30, on 907o w h i te  chrom osorb  (8 0 -1 0 0  mesh) was u sed  f o r  t h e  s e p a r a ­
t i o n  o f  t h e  h y d ro c a rb o n  com ponen ts .  P eak  a r e a  i n t e g r a t i o n  was p e r ­
formed by  an I n f o t r o n i c s  D i g i t a l  I n t e g r a t o r  Model CRS-110 and a d i s k  
i n t e g r a t o r .  A d e t a i l e d  d i s c u s s i o n  o f  t h i s  sy s tem  i s  c o n ta i n e d  in  
A ppendix  B.
C. M a t e r i a l s
1 . Gases
C y l in d e r s  o f  e l e c t r o l y t i c  h y d ro g en  (99.95%) and p r e p u r i f i e d  
n i t r o g e n  (99.99%) w ere  u se d .  B o th  g a s e s  p a s s e d  th ro u g h  a bed  o f  
p la t in u m -o n - a lu m in a  p a r t i c l e s ,  a  bed o f  3A s i e v e s  and a  bed o f  D r i e r i t e  
The p la t in u m -o n -a lu m in a  i s  u sed  t o  combine w i t h  any  t r a c e s  o f  oxygen 
w hich  m ight be p r e s e n t  in  t h e  g a s e s  and  t h e  D r i e r i t e  i s  t o  i n s u r e  t h a t  
th e  g a se s  w ere d r y .
2 . L iq u id s
Both l i q u i d  f e e d s ,  n - p e n ta n e  and c y c lo h e x a n e ,  w ere  P h i l l i p s  
p u re  g ra d e  99+ mole %. The l i q u i d  f e e d s  w ere  s t o r e d  o v e r  13X m o le c u la r  
s i e v e s  to  i n s u r e  t h a t  th e  l i q u i d s  rem a in ed  m o i s tu r e  f r e e .
3 .  C a t a l y s t s
Four P d -H -m o rd en ite  c a t a l y s t s  o f  v a r y in g  s i l i c a  to  a lu m in a  
r a t i o  were used  in  t h i s  w ork . They w ere  p r e p a r e d  a t  E sso  R e se a rch  
L a b o r a t o r i e s  in  B aton  Rouge, L o u i s i a n a .  The c a t a l y s t s  w ere  a l l  p r e p a re d  
from  1-5  m ic ro n  p a r t i c l e s  o f  N a -m o rd e n i te  o b ta in e d  from th e  N o rto n  
Company. The e x a c t  p r e p a r a t i o n  s t e p s  f o r  t h e s e  f o u r  c a t a l y s t s  a r e  
g iv e n  in  C h ap te r  IV.
D. E x p e r im e n ta l  P ro c e d u re
1 . C a t a l y s t  A c t i v a t i o n
M o rd en ite  c a t a l y s t s  a r e  n o rm a l ly  a c t i v a t e d  by h e a t i n g .  T h is  
h e a t i n g  d r i v e s  o f f  p h y s i c a l l y  so rb e d  w a te r  and any ammonia w hich  may 
be  p r e s e n t .  The ammonia w hich  may be p r e s e n t  i n  th e  m o rd e n i te  i s  th e  
r e s u l t  o f  an exchang ing  r e a c t i o n  w i th  sodium  as  d i s c u s s e d  in  th e  method 
o f  p r e p a r a t i o n  in  C h a p te r  IV. T h is  f i n a l  a c t i v a t e d  c a t a l y s t  i s  a  
hydrogen  form o f  t h e  m o r d e n i t e . The te m p e r a tu r e  s c h e d u le  used  to  
a c t i v a t e  t h e s e  c a t a l y s t s  i s  a s  f o l l o w s :
a .  C a t a l y s t  sam p les  o f  a p p ro x im a te ly  20 cc  a r e  p u t  i n  Vycor 
c o n t a i n e r s  and p la c e d  in  a  P y re x  c y l i n d e r  i n s i d e  a  tu b e  f u r n a c e .
b .  A c o n t in u o u s  s t r e a m  o f  d r y  a i r  i s  p a s s e d  o v e r  th e  c a t a ­
l y s t s  d u r in g  th e  a c t i v a t i o n .  The a i r  i s  p u r i f i e d  by rem oving  any h y d ro ­
c a rb o n s  and m o is tu r e  w hich  m ig h t  be  p r e s e n t .  The h y d ro c a rb o n s  a r e  
removed by c o n v e r t in g  them t o  c a rb o n  d i o x i d e .  T h is  i s  a c h ie v e d  by 
•p a ss in g  th e  a i r  o v e r  c o p p er  o x id e  a t  IOOOPf . M o is tu r e  i s  removed
from  th e  a i r  by p a s s in g  i t  ov e r  13X m o le c u la r  s i e v e  and i n d i c a t i n g  
D r i e r i t e .
c .  The te m p e ra tu re  o f  th e  f u r n a c e  i s  i n c r e a s e d  to  350°F a t  
a  r a t e  o f  a b o u t  lO O ^F/hour. T h is  t e m p e r a tu r e  i s  m a in ta in e d  f o r  ab o u t  
16 h o u r s .  T h is  r e l a t i v e l y  low te m p e r a tu r e  i s  u se d  t o  p r e v e n t  th e  
c r y s t a l  s t r u c t u r e  o f  th e  c a t a l y s t  from b e in g  r u p t u r e d  when th e  w a te r  
i s  b e in g  d r i v e n  from th e  c a t a l y s t .
d .  The fu r n a c e  te m p e ra tu re  i s  i n c r e a s e d  t o  a  f i n a l  a c t i v a t i o n  
te m p e r a tu r e  o f  lOOOPF a t  a  r a t e  o f  1 0 0 ° F /h o u r .
e .  T h i s  f i n a l  a c t i v a t i o n  t e m p e r a t u r e  i s  m a in ta in e d  f o r  two
h o u r s .
f .  The f u r n a c e  te m p e ra tu re  i s  t h e n  re d u c e d  to  450-500PF as  
q u i c k l y  a s  p o s s i b l e .
g .  The sam ples  a r e  removed from  t h e  f u r n a c e  and t r a n s f e r r e d  
to  g l a s s  v i a l s  w i th  s t o p p e r s .
h .  The sam ple v i a l  i s  c o o le d  to  room te m p e r a t u r e ,  weighed 
and s t o r e d  i n  a  d e s s i c a t o r .
2 .  H ydrocarbon  R e a c t io n s
The p ro c e d u re  f o r  e f f e c t i n g  t h e  r e a c t i o n  was e s s e n t i a l l y  t h e  
same i n  each  e x p e r im e n t .  The f o l l o w in g  s t e p s  g i v e  t h e  r o u t i n e  o f  th e  
p ro c e d u r e :
a .  The c a t a l y s t  i s  t r a n s f e r r e d  from  a  s to p p e r e d  v i a l  i n t o  
t h e  r e a c t o r .  G la s s  wool i s  i n s e r t e d  i n t o  t h e  r e a c t o r  b e h in d  th e  c a t a ­
l y s t  t o  a c t  a s  a  s u p p o r t .  The r e a c t o r  i s  th e n  s e a l e d  w i th  a  new 0 -
r i n g  and i n v e r t e d  i n t o  p o s i t i o n  a s  shown i n  F ig u r e  8 .
b .  The r e a c t o r  i s  p r e s s u r e  t e s t e d  a t  750 p s i g  and a t  room
• te m p e ra tu re .  The p r e s s u r e  i s  r e l e a s e d  a f t e r  t h e  t e s t .
c .  The r e a c t o r  i s  th e n  in t r o d u c e d  i n t o  th e  f l u i d i z e d  bed 
and th e  sy s te m  i s  purged  w i th  n i t r o g e n .
d .  Hydrogen f lo w  o v e r  t h e  c a t a l y s t  i s  th e n  s t a r t e d  and 
c o n t in u e d  u n t i l  th e  c a t a l y s t  h a s  b een  a t  500°F f o r  a b o u t  % h o u r .  T h is  
te m p e r a tu r e  i s  used t o  re d u c e  th e  p a l l a d iu m  to  t h e  m e t a l l i c  fo rm . The 
sy s tem  i s  th e n  re c h ec k ed  f o r  l e a k s .
e .  The sys tem  p r e s s u r e  i s  s e t .
f .  The gas  r a t e  i s  s e t  by a d j u s t i n g  t h e  c o n t r o l  v a lv e  and 
m easured  w i th  t h e  w e t - t e s t  m e te r  and a  s t o p  w a tc h .
g .  The l i q u i d  r a t e  i s  s e t  by s e l e c t i n g  th e  p r o p e r  g e a r  
a r ra n g em en t  and w i th  t h e  pump lo a d ed  and t h e  pump o u t l e t  v a lv e  open , 
t h e  e x p e r im e n t  i s  s t a r t e d .
h .  Gas sam ples a r e  ta k e n  a f t e r  one and o n e - h a l f  t o  two h o u r s .  
When th e  a n a ly s e s  a r e  a t  s t e a d y - s t a t e ,  t h e  m a t e r i a l  b a la n c e  i s  t a k e n .
i .  A t th e  s u c c e s s f u l  c o m p le t io n  o f  an  e x p e r im e n t ,  th e  
sy s te m  i s  changed  to  t h e  c o n d i t i o n s  f o r  t h e  n e x t  o p e r a t i o n .
j .  A f t e r  t h e  c o m p le t io n  o f  t h e  d e s i r e d  e x p e r im e n t s ,  t h e  gas  
and l i q u i d  a r e  d i s c o n t i n u e d ,  t h e  sy s tem  p r e s s u r e  i s  r e l e a s e d  and th e  
r e a c t o r  i s  removed from t h e  sy s te m .
3 .  C a l c u l a t i o n s
The p ro d u c t  c o m p o s i t io n ,  r e a c t o r  t e m p e r a t u r e  and p r e s s u r e ,  
i n l e t  and o u t l e t  f low  r a t e s ,  and t h e  w e ig h t  o f  c a t a l y s t  ch a rg ed  w ere  
u sed  to  c a l c u l a t e  th e  r e s u l t s  o f  t h e  e x p e r im e n t a l  t e s t .  C a l c u l a t i o n s  
made w i th  t h e s e  d a t a  a r e  d e s c r i b e d  in  d e t a i l  i n  A ppendix  D. The com­
p o s i t i o n  o f  t h e  p r o d u c ts  w ere  c a l c u l a t e d  from  t h e  i n t e g r a t e d  a r e a s  o f  
g a s  c h ro m a to g ra p h  p eak s  a s  d e s c r ib e d  i n  A ppend ix  B.
CHAPTER IV
VARIOUS CATEGORIES OF MORDENITE 
CATALYSTS INVESTIGATED
A. S t r u c t u r a l  M o d i f i c a t io n s
M o rd e n i te  has  t h e ' d i s t i n c t i o n  o f  h a v in g  t h ^  h i g h e s t  SiOg/AlgOg 
m o la r  r a t i o  o f  th e  z e o l i t e s .  T h e " t h e o r e t i c a l  r a t i o  f o r  th e  u n i t  c e l l  
fo rm u la  i s  1 0 /1 .  However, v a lu e s  o f  14 /1  a r e  n o t  uncommon in  s y n t h e t i c ,  
p r e p a r a t i o n s ,  p o s s i b l y  due  to  s i l i c a  e x t r a n e o u s  t o  th e  u n i t  c e l l .  Mod­
i f i c a t i o n s  o f  t h i s  r a t i o  a l t e r  b o th  th e  p h y s i c a l  s t r u c t u r e  and th e  
ch em ica l  p r o p e r t i e s  o f  th e  z e o l i t e  w hich  i n f l u e n c e  th e  c a t a l y t i c  
p r o p e r t i e s .  These  chan g es  may n o t  o n ly  a l t e r  t h e  a c t i v i t y  o f  t h e  
c a t a l y t i c  s i t e s ,  b u t  may a l s o  a l t e r  t h e  r e s i s t a n c e  o f  movement t o  and 
from t h e s e  s i t e s .  T h e r e f o r e ,  i t  i s  r e a s o n a b l e  t h a t  a  b e t t e r  u n d e r ­
s t a n d i n g  o f  th e  c a t a l y t i c  p r o p e r t i e s  o f  t h e  z e o l i t e s  can  b e  made by 
m aking a l t e r a t i o n s  i n  th e  s t r u c t u r e  and i n v e s t i g a t i n g  t h e  r e s u l t i n g  
c a t a l y t i c  p r o p e r t i e s .
B. S e l e c t i o n  o f  C a t a l y s t  Types
T hree  m o d if ie d  c a t a l y s t s  a lo n g  w i th  th e  s t a n d a r d  m o rd e n i te  w ere  
s e l e c t e d  f o r  i n v e s t i g a t i o n .  Two o f  th e  m o d i f ie d  m o r d e n i t e s  w ere  made 
w i th  a  h ig h e r  S i0 2 /A l 3 03  r a t i o  and one was made w i t h  a  low er r a t i o .
The h ig h e r  r a t i o  i s  made by e x t r a c t i n g  aluminum from  t h e  s t r u c t u r e  w i th  
HC1 and th e  lo w er  r a t i o  i s  made by e x t r a c t i n g  s i l i c o n  from  th e  s t r u c ­
t u r e  w i th  NaOH. The r a t i o s  o f  SiOg/AlgOg w ere  s e l e c t e d  t o  f a l l  i n  th e  
ra n g e  o f  9 /1  t o  6 0 /1 .
The v a lu e  o f  9 /1  was s e l e c t e d  to  g iv e  an  a c t i v e  c a t a l y s t  on th e  
b a s i s  o f  a  p r e p a r a t i o n  r e p o r t e d  in  th e  l i t e r a t u r e  (1 3 0 ,  1 3 2 ) .  V alues  
a s  low as  6 / 1  a r e  f e a s i b l e  b u t  lower v a l u e s  w ould  be  in  t h e  ra n g e  o f  
o t h e r  c l a s s e s  o f  z e o l i t e s  r a t h e r  than  m o r d e n i t e ,  w h ich  i s  n o t  th e  
i n t e n t  o f  th e  m o d i f i c a t i o n .
The h ig h e r  v a lu e s  o f  a b o u t  25 /1  and 6 0 /1  SiC^/AlgO^ w ere  s e l e c t e d  
on th e  b a s i s  o f  p r e v io u s  u n re p o r te d  e x p e r i e n c e  w i t h  e x t r a c t e d  c a t a l y s t s  
p re p a re d  from  t h i s  s t a n d a r d  m o rd e n i te .  I t  c a n n p t  be  p r e d i c t e d  " a 
p r i o r i "  w hat l e v e l  o f  a lu m in a  rem oval w i l l  c o m p le te ly  d e s t r o y  th e  
s t r u c t u r e  o f  th e  c a t a l y s t .  T h is  l e v e i  a p p e a r s . t o  v a r y  w i th  th e .  p a r e n t  
m o r d e n i te .  However, c a t a l y s t s  w i th  S i0 2 /A l 2 03  r a t i o  v a lu e s  a s  h ig h  a s  
1 0 0 / 1  have  been  e v a lu a t e d  w hich  showed good c a t a l y t i c  a c t i v i t y .
C. Method o f  P r e p a r a t i o n
A sc h e m a tic  o f  t h e  p r e p a r a t i o n s  o f  t h e s e  c a t a l y s t s  i s  shown i n  
F ig u r e  9 (page  42) . A d e s c r i p t i o n  o f  t h e s e  p r e p a r a t i o n s  i s  g iv e n  in  
t h e  fo l lo w in g  d i s c u s s i o n .  The so u rc e  o f  t h e  sodium  m o rd e n i te  was th e  
N orton  Company. A s i n g l e  b a tc h  o f  t h i s  m a t e r i a l  was used  a t  t h e  E sso .  
R e se a rc h  L a b o r a t o r i e s  t o  p r e p a r e  th e  f o u r  m o d i f i c a t i o n s  diagrammed in  
F ig u r e  9 (page  4 2 ) .
Sodium m o rd e n i te s  a r e  p re p a re d  from  a h i g h l y  r e a c t i v e ,  a lu m in o -  
s i l i c a t e  " g e l " .  The te rm  " g e l "  means a  h y d ro u s ,  m e t a l - a l u m i n o s i l i c a t e  
m ix tu r e  w h ich  i s  p r e p a r e d  from  e i t h e r  aqueous  s o l u t i o n s  o r  r e a c t i v e  
s o l i d  p h a s e s .  T y p ic a l  g e l s  a r e  p re p a re d  from  s o l u t i o n s  o f  sodium 
a lu m in a te ,  sodium s i l i c a t e ,  and sodium h y d r o x id e .  The sodium  m o rd e n i te
r e s u l t s  when th e  g e l s  a r e  c r y s t a l l i z e d  a t  t e m p e r a t u r e s  o f  25-lOOPC.
D u ring  th e  c r y s t a l l i z a t i o n ,  th e  components u n d e rg o  a  r e a r r a n g e m e n t  i n t o  
• th e  o rd e re d  c r y s t a l l i n e  s t r u c t u r e .  L a rg e  num bers o f  t h e  c r y s t a l l i t e
C r y s ta l l iz e d
S e v e r e ly M oderately Ammonium C a u stic
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P allad iu m
Exchanged
Pd-H -M ordenite
(SiOs /A l2O3 = 9 .0 / l )
F ig u re  9 .  A Schem atic Diagram o f  th e  P rep a ra tio n  S tep s o f  th e  V arious M ordenite C a ta ly s ts ,
n u c l e i  a r e  formed from  th e  g e l s ,  and th e  f i n a l  p r o d u c t  c o n s i s t s  o f  a 
f i n e l y  d iv id e d  w h i te  powder o f  v e r y  s m a l l  c r y s t a l s .  M o rd e n i te  i s  
u s u a l l y  r e c e iv e d  from th e  N orton  Company i n  th e  form  o f  1-5  m ic ron  
c r y s t a l l i t e s .
Sodium m o rd e n i te  i s  c o n v e r te d  to  th e  hy d ro g en  form  f o r  u se  a s  
c a t a l y s t s  e i t h e r  by r e a c t i n g  t h e  sodium  w i th  an  a c i d  o r  by ex ch an g in g  
th e  sodium io n  w i th  ammonium io n  and th e n  d r i v i n g  o f f  th e  ammonia w i th  
h e a t .  C o n v e rs io n  o f  th e  sodium form  to  th e  ammpnium form  i s  a c h ie v e d  
by r e p l a c i n g  th e  sodium io n s  w ith- ammonium io n s  th ro u g h  an  io n -e x c h an g e  
r e a c t i o n  w i th  ammonium n i t r a t e  o r  c h l o r i d e .  N o rm a l ly ,  95 t o  99% o f  th e  
sodium  m e ta l  i s  rem oved. The p a l la d iu m  m e ta l  component i s  i n c o r p o r a t e d  
i n t o  th e  ammonium m o rd e n i te  from  s o l u t i o n s  o f  t h e  amine com plex; 
[Pd(NH 3 ) 4 r]C l 2  . The c a t a l y s t  i s  th e n  oven d r i e d .  The c r y s t a l l i t e s  a r e  
p i l l e d ,  c ru s h e d  and s c re e n e d  t o  t h e  d e s i r e d  s i z e  f o r  u s e .  The c a t a l y s t  
i s  a c t i v a t e d  w i th  h e a t  b e fo re  b e in g  u sed  a s  d e s c r i b e d  in  C h ap te r  I I I .
M o rd e n i te s  o f  h ig h e r  s i l i c a / a l u m i n a  r a t i o  a r e  p re p a re d  by e x t r a c ­
t i o n  o f  th e  aluminum w i th  m in e r a l  a c i d s  su ch  a s  HCl. The s e v e r i t y  o f  
th e  e x t r a c t i o n  i s  c o n t r o l l e d  by  th e  t e m p e r a t u r e  and  pH o f  th e  s o l u t i o n  
and th e  tim e  o f  e x p o s u re .  These  c a t a l y s t s  w ere  p r e p a r e d  from th e  
sodium  m o rd e n i te  w i th o u t  an ammonium ex ch a n g e .  P a l l a d iu m  m e ta l  i s  
in c o r p o r a t e d  in  t h e  same manner a s  d e s c r ib e d  f o r  th e  s t a n d a r d  m o r d e n i te .  
The c a t a l y s t  i s  com ple ted  s i m i l a r l y ,  i . e . ,  d r i e d ,  p i l l e d ,  c ru s h e d  and 
s i z e d .  The a c t i v a t i o n  i s  d e s c r i b e d  i n  C h a p te r  I I I .  Two i e v e l s  o f  
a lu m in a - d e f i c i e n c y  were t o  be u sed  i n  t h e  c a t a l y s t s  f o r  t h i s  s tu d y .
Thus, the sodium m ordenite was g iv e n  two d i f f e r e n t  a c id  e x t r a c t i o n ,
treatm en ts  to  o b ta in  c a t a l y s t s  o f  in c r e a s in g  s i l i c a / a l u m i n a  r a t i o .
M o rd e n i te s  o f  low er s i l i c a / a l u m i n a  r a t i o  w ere  p r e p a r e d  by  l e a c h ­
in g  s i l i c o n  atom s from  th e  s t r u c t u r e  w i th  a l k a l i - m e t a l  h y d ro x id e s  su ch  
a s  sodium h y d ro x id e .  The s e v e r i t y  o f  th e  c a u s t i c - l e a c h i n g  i s  s u b j e c t  
t o  th e  same v a r i a b l e s  a s  was th e  a c i d - e x t r a c t i o n  o f  alum inum , i . e . ,  
t e m p e r a t u r e ,  pH and e x p o su re  t im e .  A cco rd in g  to  t h e  i n v e n t o r s  of. th e  
p r o c e s s ,  t h e  p r e f e r r e d  ra n g e  o f  s i l i c a  rem ova l i s  b e tw een  1 % and 1 0 % 
(1 3 0 ,  1 3 2 ) .  C o n v e rs io n  o f  th e  s i l i c a - d e f i c i e n t  m o r d e n i t e  t o  t h e  h y d ro ­
gen  form i s  a c h ie v e d  by  r e p la c e m e n t  o f  t h e  sodipm  io n s  w i th  ammonium 
io n s  a s  d e s c r i b e d  above f o r  sodium m o r d e n i t e .  P a l l a d iu m  m e ta l  i s  added 
and th e  c a t a l y s t  f i n i s h e d  a s  d e s c r ib e d  f o r  t h e  o t h e r  c a t a l y s t s .  The 
c o n v e r s io n  o f  t h e  ammonium m o rd e n i te s  to  th e  h y d ro g en  form  th ro u g h  
h e a t i n g  h a s  p r e v i o u s l y  been  d i s c u s s e d  in  C h a p te r  I I I .
D. A n a l y t i c a l  M easurem ents
The a n a l y t i c a l  m easurem en ts  o f  s i l i c a ,  S i03 ; a lu m in a ,  ALgOg ; 
sodium , Na; p a l l a d iu m ,  Pd; and s u r f a c e  a r e a  w ere  o b t a i n e d  on each  o f  
t h e  fo u r  c a t a l y s t s .  T hese  m easurem ents  w ere  p e r fo rm e d  a t  t h e  E sso  
R e s e a rc h  L a b o r a t o r i e s  in  B aton  Rouge, L o u i s i a n a .
The v a lu e s  o f  e ach  o f  th e s e  m easurem ents  a r e  shown in  T a b le  I I I  
(p ag e  4 5 ) .  The s i l i c a  v a l u e s  r a n g e . f ro m  8 3 .2  t o  9 4 .6  w e ig h t  % and th e  
a lu m in a  v a l u e s  ra n g e  from  3 .1  to  1 5 .8  w e ig h t  %. T h i s  g iv e s  th e  ra n g e  
o f  s i l i c a / a l u m i n a  m ole r a t i o  o f  9 .0 /1  t o  5 2 . 1 / 1 .  The w e ig h t  % sodium  
ra n g e d  from  0 .0 3  f o r  th e  m ost s e v e r e l y  a c i d - l e a c h e d  c a t a l y s t  to  0 .1 0  
f o r  th e  c a u s t i c - l e a c h e d  c a t a l y s t .  The c a t a l y s t s  w e re  in te n d e d  t o  have
0 .5  w e ig h t  % p a l l a d iu m .  The a c t u a l  v a l u e s  ran g ed  from  0 .5 5  t o  0 .6 5  
w e ig h t  %. The s u r f a c e  a r e a  r e p o r t e d  i s  t h a t  d e te r m in e d  from a 
Langm uir i s o th e r m .  The v a lu e s  ranged  from a  low o f  249 n? /gm f o r  t h e
T a b le  I I I .  P r o p e r t i e s  o f  P a l la d iu m -H -M o rd e n i te  C a t a l y s t s  
P r e p a re d  from Sodium M o rd e n i te .
P r o p e r t i e s  o f  th e  C a t a l y s t s
C a t a l y s t  S i l i c a  A lum ina-  A lum ina-
D e s c r i p t i o n  D e f i c i e n t  S ta n d a rd  D e f i c i e n t  D e f i c t e n t
S i0 2 , Wt. % 8 3 .2  8 3 .9  9 4 .1  9 4 .6
A lg O g jW t.  % 1 5 .8  • 1 3 .3  6 .3  3 .1
S i0 2 /A l 2 03 , m ole r a t i o  9 .0  1 0 .8  2 5 .5  5 2 .1
Na, Wt. % 0 .1 0  0 .0 5  0 .0 9  0 .0 3
P d , Wt. % 0 .6 5  0 .5 5  0 .5 7  0 .6 1
Langm uir S u r fa c e
A re a ,  nP/gm 451 532 554 . 249
m ost s e v e r e l y  a c i d - l e a c h e d  c a t a l y s t  to  a  v a lu e  o f  554 nP/gm f o r  th e  
2 6 /1  s i l i c a / a l u m i n a  mole r a t i o  c a t a l y s t .
A b r i e f  q u a l i t a t i v e  d e s c r i p t i o n  o f  th e  a n a l y t i c a l  method u sed  f o r  
e ach  o f  t h e  m easurem ents  i s  g iv e n  in  A ppendix  C. The j u s t i f i c a t i o n  o f  
t h e  u s e  o f  th e  Langm uir r a t h e r  th a n  th e  B ru n a u e r -E m m e t t -T e l le r  (BET) 
s u r f a c e  a r e a ,  u s in g  th e  e x p e r im e n ta l ly  d e te rm in e d  a d s o r p t i o n  is o th e rm s  




A. I n t r o d u c t i o n
The im p o r ta n c e  and th e  s i m p l i c i t y  o f  th e  h y d ro c a rb o n  i s o m e r i z a t i o n  
r e a c t i o n s  have  p r e v i o u s l y  been  c i t e d  a s  r e a s o n s  f o r  c h o o s in g  t h i s  
sy s tem  to  s tu d y .  I t  was f o r  t h e s e  same re a s o n s  t h a t  p r e v io u s  i s o m e r i ­
z a t i o n  i n v e s t i g a t i o n s  w ere perfo rm ed  in  th e  P e tro le u m  P r o c e s s in g  
L a b o r a to r y  a t  L .S .U .  The two p r e v io u s  i s o m e r i z a t i o n  i n v e s t i g a t i o n s  
w ere  p e rfo rm ed  w i th  norm al p a r a f f i n s .
B ry a n t  (23) i n v e s t i g a t e d  th e  i s o m e r i z a t i o n  o f  n - p e n ta n e .  He 
s t u d i e d  th e  e f f e c t  o f  th e  amount and ty p e  o f  m e ta l  on th e  z e o l i t e ;  th e  
e f f e c t  o f  t h e  c a t i o n  ty p e  i n  t h e  z e o l i t e ;  and d e v e lo p e d  a  m odel f o r  th e  
r e a c t i o n .  H is s t u d i e s  la y e d  th e  f o u n d a t io n  f o r  f u t u r e  i n v e s t i g a t i o n s .
B eech er  (13) f u r t h e r  expanded th e  knowledge o f  t h e  i s o m e r i z a t i o n  
o f  norm al p a r a f f i n s  in  h i s  s tu d y  o f  n -h ex an e  o v e r  H -m o rd e n i te .  H is 
m odel o f  t h i s  r e l a t i v e l y  more com plex i s o m e r i z a t i o n  d i f f e r e d  from  th e  
r e s u l t s  o f  p r i o r  i n v e s t i g a t o r s  and has  been  in d e p e n d e n t ly  co n f irm e d  
w i t h  a  w id e ly  d i f f e r e n t  c a t a l y s t  sy s tem  ( 2 2 ) .
The p r e s e n t  i n v e s t i g a t i o n  i s  a  f u r t h e r  e x t e n s i o n  o f  th e  know ledge 
o f  t h e  i s o m e r i z a t i o n  r e a c t i o n  o v e r  z e o l i t e  c a t a l y s t s .  T h e re  a r e  two 
p r im a ry  o b j e c t i v e s  o f  t h i s  i n v e s t i g a t i o n .  One i s  t o  s tu d y  and model 
t h e  i s o m e r i z a t i o n  r e a c t i o n  o f  a  n a p h th en e  ( c y c l o h e x a n e ) . The second 
i s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  v a r i o u s  s t r u c t u r a l  m o d i f i c a t i o n s  in
m o rd e n i te s  on th e  c a t a l y t i c  b e h a v io r .  A l i m i t e d  number o f  e x p e r im e n ts  
u s in g  n - p e n ta n e  have  a l s o  b een  made w i th  t h e s e  m o d if ie d  m o rd e n i te s  to  
compare t h e  r e s u l t s  o f  th e  p a r a f f i n  and th e  n aph thene  i s o m e r i z a t i o n .
The r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  a r e  d i s c u s s e d  in  t h i s  c h a p t e r .
B. C yclohexane  - M e th y lc y c lo p e n ta n e  E q u i l ib r iu m  D e te r m in a t io n s
I n  d e te r m in in g  r e a c t i o n  r a t e  c o n s t a n t s  f o r  r e v e r s i b l e  r e a c t i o n s ,  
i t  i s  n e c e s s a r y  to  know th e  r e a c t i o n  e q u i l i b r i u m  c o n s t a n t .  These  
v a l u e s  can  be  found  e i t h e r  from  e x p e r im e n ta l  d a f a  in  th e  l i t e r a t u r e  o r  
c a l c u l a t e d  from  c a l o r i m e t r i c  o r  f r e e  e n e rg y  d a t a .  In  many i n s t a n c e s  
when e x p e r im e n t a l  and c a l c u l a t e d  v a l u e s  a r e  b o th  a v a i l a b l e ,  a  d i s c r e p ­
a n cy  may b e  o b s e r v e d .  T h i s  i s  t h e  c a s e  f o r  th e  c y c lo h e x a n e -m e th y l -  
c y c lo p e n ta n e  i s o m e r i z a t i o n  r e a c t i o n .  As d i s c u s s e d  i n  C h a p te r  I I ,  t h e r e  
i s  a  1 0  t o  2 0 % d is a g r e e m e n t  b e tw een  c a l c u l a t e d  and e x p e r im e n ta l  e q u i ­
l i b r i u m  c o n c e n t r a t i o n s  f o r  t h i s  r e a c t i o n .  M oreover,  t h e  d a t a  a v a i l a b l e  
a r e  a t  e i t h e r  to o  h ig h  o r  to o  low a  te m p e r a tu r e  t o  be  used  w i th  t h i s  
s t u d y ,  w h ich  was t o  be made a t  400 t o  60CPF. F o r  t h e s e  r e a s o n s ,  e x p e r ­
im e n ta l  d e t e r m i n a t i o n  o f  e q u i l i b r i u m  c o n c e n t r a t i o n s  w ere  made.
The e q u i l i b r i u m  c o n c e n t r a t i o n s  w ere  ap p ro ach ed  from  b o th  s i d e s  by 
u s in g  b o th  c y c lo h e x a n e  and m e th y lc y c lo p e n ta n e  a s  t h e  f e e d .  A ls o ,  t o  
i n s u r e  t h e  a t t a i n m e n t  o f  e q u i l i b r i u m ,  r e s i d e n c e  t im e s  w ere  s e l e c t e d  to  
p r o v id e  o v e r t r e a t m e n t .  T h is  r e s u l t e d  in  a p p r e c i a b l e  c r a c k i n g .  However, 
t h i s  ty p e  o f  o v e r t r e a t m e n t  h a s  b een  o b se rv e d  to  have  no s i g n i f i c a n t  , 
e f f e c t  on e q u i l i b r i u m  d i s t r i b u t i o n  ( 3 3 ) .
E x p e r im e n ta l  d e t e r m i n a t i o n s  w ere  made a t  e s s e n t i a l l y  t h r e e  d i f f e r ­
e n t  t e m p e r a t u r e s .  T h ese  d a t a  a r e  shown in  T a b le  IV (p ag e  4 9 ) .  A l ­
th o u g h  t r u e  e q u i l i b r i u m  c a n n o t  b e  c la im e d  f o r  t h e s e  v a l u e s ,  t h e  c o n f i ­
d en ce  i n  them i s  i n c r e a s e d  b e c a u s e  o f  th e  ag reem en t in  v a l u e s  o b ta in e d
T a b le  IV . Vapor P h ase  E q u i l ib r iu m  M easurem ents f o r  C y c lo h ex a n e -
M e th y lc y c lo p e n ta n e .
O p e r a t in g  C o n d i t io n s
C a t a l y s t  Type P d - H - F a u ja s i t e
P r e s s u r e ,  p s i a
1
465
Run Numbers • 0A-0G1
Space  V e l o c i t y ,  w /h r /w  0 . 2 7 -3 .3 9
Run R e s u l t s
E q u i l ib r iu m
M e th y lc y c lo p e n ta n e , API
Temp. , % o f  T o t a l  MCP P r o j e c t  44 C r a c k in g ,
Feed ° F +  C yclohexane D a ta %
C y clo h ex an e  440 6 7 .7 7 3 .8 5 .6
M e th y lc y c lo p e n ta n e  442 6 7 .0 - 7 0 .7 7 4 .4 1 4 .3 - 1 7 .6
C y c lo h ex an e  441 6 8 .3 7 4 .0 1 6 .8  .
C yc lo h ex an e  491 73 .9 7 8 .6 1 5 .1
M e th y lc y c lo p e n ta n e  494 7 4 .0 7 9 .0 2 4 .7
M e th y lc y c lo p e n ta n e  568 7 9 .1 8 3 .4 7 3 .85
C y c lo h ex an e  550 7 9 .2 8 2 .4 2 7 .1 1
xD e t a i l e d  Run D ata a r e  g iv e n  in  A ppendix  A.
i n  a p p ro a c h in g  e q u i l i b r i u m  from  b o th  s i d e s .  The l i t e r a t u r e  v a l u e s  
d i s c u s s e d  in  C h a p te r  XI a r e  shown w i th  th e  p r e s e n t  e x p e r im e n ta l  d a t a  
i n  F ig u r e  10 (page  5 1 ) .  These  e x p e r im e n ta l  d a t a  a r e  r e p r e s e n t e d  w i th  
t h e  s o l i d  l i n e .  The t o t a l  s e t  o f  e x p e r im e n ta l  d a t a  i s  v e r y  c o n s i s t e n t  
o v e r  th e  r a n g e  o f  30 t o  700PF. The c o m p o s i t io n  v a lu e s  c a l c u l a t e d  from 
t h e  API P r o j e c t  44 f r e e  en e rg y  d a t a  a r e  r e p r e s e n t e d  by th e  d a sh e d  l i n e .  
The d is a g r e e m e n t  p r e v i o u s l y  r e f e r r e d  t o  be tw een  th e  e x p e r im e n t a l  d a t a  
an d  t h e  c a l c u l a t e d  v a lu e s  i s  a l s o  i l l u s t r a t e d .  ,
R e a c t io n  e q u i l i b r i u m  c o n s t a n t s  w ere  c a l c u l a t e d  from  t h e s e  e x p e r i ­
m e n ta l  c o m p o s i t io n  v a l u e s .  A l i n e a r  r e l a t i o n  be tw een  t h e  n a t u r a l  l o g ­
a r i t h m  o f  t h e  e q u i l i b r i u m  c o n s t a n t ,  I n  K, and th e  r e c i p r o c a l  te m p e ra ­
t u r e  was o b ta in e d  o v e r  t h e  t e m p e r a tu r e  ran g e  o f  i n t e r e s t  f o r  t h i s  
s t u d y .  The l i n e a r  e q u a t i o n  r e p r e s e n t i n g  t h e s e  e q u i l i b r i u m  v a l u e s  was 
d e te r m in e d  t o  be :
In  K = -4810 /T (°R ) +  6 .114  
E q u i l i b r iu m  v a lu e s  d e te rm in e d  from  t h i s  e q u a t io n  w ere  u sed  i n  making 
t h e  c a l c u l a t i o n s  f o r  t h e  r e a c t i o n  r a t e  c o n s t a n t s .
C . C o n ta c t in g  i n  th e  R e a c to r
A know ledge o f  th e  ty p e  o f  f lo w  i n  a  r e a c t o r  i s  n e c e s s a r y  b e f o r e  
r e a c t i o n  r a t e  c o n s t a n t s  can  be d e te rm in e d  i n  a  f lo w  sy s te m . A c h a r ­
a c t e r i z a t i o n  o f  t h e  f lo w  p a t t e r n s  o f  th e  r e a c t o r s  used, in  t h i s  w ork 
was one o f  t h e  i n i t i a l  s t u d i e s  made by  B ry a n t  (23) i n  h i s  i n v e s t i g a ­
t i o n s .  T r a c e r  t e s t  m ethods w ere  u s e d .  The r e s u l t s  showed t h a t  p lu g  
f lo w  was c l o s e l y  a p p ro x im a ted  f o r  P e c l e t  numbers above 60 . The P e c l e t  
number i s  a  m easu re  o f  t h e  r a t i o  o f  th e  d i r e c t e d  m o tio n  o f  t h e  b u lk  
s t r e a m  t o  t h e  random m o tio n  i n  t h e  m ix in g  " e d d i e s " .  The d a t a  o b ta in e d  
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F ig u r e  1 0 . Vapor P h a se  E q u i l ib r iu m  f o r  C y c lo h e x a n e -M e th y lc y c lo p e n ta n e .
be tw een  a  p a ra m e te r  c o n t a i n i n g  th e  P e c l e t  number and a  p a r t i c l e  
R eyno lds  num ber. T h i s  c o r r e l a t i o n  has  been  used  t o  c a l c u l a t e  a  P e c l e t  
number f o r  t h e  s t a n d a r d  t e s t  c o n d i t i o n  o f  t h i s  i n v e s t i g a t i o n .  The 
v a l u e  o f  91 shows t h a t  t h e  e x p e r im e n ts  were  p e rfo rm ed  i n  e s s e n t i a l l y
a 'p l u g  f lo w  re g im e .  T hese  c a l c u l a t i o n s  a r e  shown a s  f o l lo w s :
j
C a t a l y s t  P r o p e r t i e s :  j
p o r o s i t y  = e = 0 .6 0
p a r t i c l e  d ia m e te r  = dp = 0 .6 3  mm = O.OOJ267 f t .
C a t a l y s t  Bed D im en sio n s :
l e n g t h  s  L B 3 .0  i n .  s  0 .2 5  f t .  
c r o s s - s e c t i o n a l  a r e a  = A = 0 .00211  f t .3  
Flow R a t e s :
C yc lo h ex an e  L iq u id  = 4 0 .9 0 8  c c / h r  = 0 .0703  l b / h r
Hydrogen Gas = 3 . 2 3  f t ? / h r  = 0 .0171  l b / h r
T o t a l  Mass Flow R a te  = W 0 .0 8 7 4  l b / h r
V i s c o s i t y  o f  M ix tu re  @ 480PF and 465 p s i a :
E s t im a te d  = 0 .0 2 8 0  l b / f t - h r  
C a l c u l a t e d  P a r t i c l e  R eyno lds  Number:
ReP = = 3 .0 7
M- A
P e c l e t  Number D e te rm in ed  from B i s c h o f f ' s  C o r r e l a t i o n :
C L
*-— —  = 0 . 8  a t  Rep = 3 . 0 7Pe dp ^
Pe = 91
D. The K i n e t i c  Model
1 . I n t r o d u c t i o n
The g e n e r a l  q u a n t i t a t i v e  r e l a t i o n s h i p s  in v o lv e d  i n  th e  c a t a l ­
y s i s  o f  f l u i d  r e a c t i o n s  by  s o l i d s  have  been  summarized by Hougen and
W atson ( 4 6 ) .  I n  t h e s e  r e l a t i o n s h i p s  i t  i s  p o s t u l a t e d  t h a t  a  g a s -  
p h a se  c h e m ic a l  r e a c t i o n  a c t u a l l y  o c c u r s  betw een m o le c u le s  o r  atom s 
w h ich  a r e  c h e m ic a l ly  a d so rb ed  on th e  a c t i v e  c e n t e r s  o f  th e  c a t a l y s t  
s u r f a c e .  I n  o r d e r  t h a t  a  r e a c t a n t  be  c a t a l y t i c a l l y  c o n v e r t e d ,  th e  
r e a c t a n t  m ust be t r a n s f e r r e d  from th e  b u lk  o f  th e  f l u i d  to  t h e  c a t a l y s t  
i n t e r f a c e ,  be  a d so rb e d  on th e  s u r f a c e  and undergo  r e a c t i o n .  The p r o ­
d u c t  m ust be  d e so rb e d  from th e  s u r f a c e  and t r a n s f e r r e d  b a ck  i n t o  t h e  
f l u i d  s t r e a m .  I n  d e v e lo p in g  r a t e  e x p r e s s io n s  f p r  t h e  r e a c t i o n  m o d e l,  
t h e s e  v a r i o u s  p r o c e s s e s  t h a t  may c a u s e  r e s i s t a n c e  t o  r e a c t i o n  m ust be  
ta k e n  i n t o  a c c o u n t .  We may v i s u a l i z e  t h e s e  p r o c e s s e s  a s  t a k i n g  p l a c e  
i n  th e  f o l lo w in g  s t e p s :
a .  D i f f u s i o n  o f  t h e  r e a c t a n t  to  t h e  s u r f a c e  o f  t h e  c a t a l y s t .
b .  D i f f u s i o n  i n t o  t h e  p o r e s  o f  t h e  c a t a l y s t .
c .  A d s o r p t io n  o f  th e  r e a c t a n t  on to  th e  a c t i v e  s i t e .
d .  R e a c t io n  on th e  c a t a l y s t  s u r f a c e .
e .  D eso rp tio n  o f  p ro d u cts  from th e  a c t iv e  s i t e .
f .  D i f f u s i o n  o f  th e  p r o d u c t s  to  th e  e x t e r i o r  o f  th e  c a t a ­
l y s t  p o r e .
g . D if f u s io n  o f  th e  p ro d u cts  from the c a t a ly s t  s u r fa c e  in to  
th e  main gas stream .
I t  c an  be s e e n  t h a t  t h e r e  a r e  e s s e n t i a l l y  t h r e e  r e s i s t a n c e s :  
t h e  g a s - f i l m  r e s i s t a n c e  ( a .  and g . ) ,  t h e  p o re  d i f f u s i o n  r e s i s t a n c e  ( b .  
a.nd f . )  and th e  a d s o r p t i o n  and c h e m ic a l  r e a c t i o n  r e s i s t a n c e  ( c . ,  d . ,  
and e . ) .  The g a s - f i l m  r e s i s t a n c e  and th e  a d s o r p t io n - c h e m i c a l  r e a c t i o n  
r e s i s t a n c e  o c c u r  in  s e r i e s  and c a n  be  ta k e n  i n t o  a c c o u n t  i n d e p e n d e n t ly .  
However, t h e  p o re  d i f f u s i o n  r e s i s t a n c e  i s  n o t  r e l a t e d  i n  a  s im p le  way 
to  t h e  o t h e r  s t e p s  and can  n o t  b e  t r e a t e d  i n d e p e n d e n t ly .
The c o n s i d e r a t i o n  o f  t h e  e f f e c t  o f  e ach  o f  th e s e  r e s i s ­
t a n c e s  on t h e  r e a c t i o n  a r e  d i s c u s s e d  in  tt ie  f o l l o w in g  s e c t i o n s .
2 .  The E f f e c t  o f  th e  G as-F ilm  R e s i s t a n c e
The e f f e c t  o f  mass t r a n s f e r  o f  t h e  r e a c t a n t  th ro u g h  th e  g a s -  
f i l m  s u r f a c e  o f  th e  c a t a l y s t  i s  e v a lu a t e d  by  c h an g in g  th e  gas  v e l o c i t y  
w h i le  h o ld in g  o t h e r  c o n d i t i o n s  c o n s t a n t .  A v a r i a t i o n  in  c o n v e r s io n  o f  
th e  r e a c t a n t  i s  i n d i c a t i v e  o f  t h e  im p o r tan c e  o f  t h i s  s t e p  in  th e  o v e r ­
a l l  r a t e .  P r e v io u s  s t u d i e s  i n  t h i s  l a b o r a t o r y  £23, 44) u s in g  z e o l i t e  
c a t a l y s t s  hav e  shown t h a t  mass t r a n s f e r  was n o t  a  s i g n i f i c a n t  r e s i s ­
ta n c e  t o  t h e  o v e r - a l l  r a t e .  T h is  was shown f o r  n -p e n ta n e  i s o m e r i z a ­
t i o n ,  n -h e x a n e  h y d ro c ra c k in g  and c y c lo h e x a n e  h y d r o c r a c k in g .  On t h i s  
b a s i s ,  i t  was assumed t h a t  mass t r a n s f e r  t o  t h e  c a t a l y s t  s u r f a c e  c o u ld  
be n e g l e c t e d  r e l a t i v e  t o  t h e  o t h e r  s t e p s  i n  t h i s  s tu d y  o f  cy c lo h e x a n e  
i s o m e r i z a t i o n .
3 . D i f f u s i o n a l  L i m i t a t i o n s
Most c a t a l y s t s  a r e  s t r u c t u r e d  p h y s i c a l l y  su ch  t h a t  th e  o u t ­
s i d e  s u r f a c e  i s  v e ry  s m a l l  r e l a t i v e  t o  th e  i n t e r n a l  s u r f a c e .  T h is  
l a r g e  i n t e r n a l  s u r f a c e  formed by th e  p o re  s t r u c t u r e  i s  a s  r e a c t i v e  a s  
t h e  e x t e r n a l  s u r f a c e ,  b u t  i t  i s  l e s s  a v a i l a b l e .  To u se  t h i s  i n t e r n a l  
s u r f a c e ,  th e  r e a c t a n t  m ust d i f f u s e  i n  and t h e  p r o d u c t  d i f f u s e  o u t .  The 
v a r i a b l e s  w h ich  i n f l u e n c e  th e  d i f f u s i o n  a r e  t h e  c a t a l y s t  a c t i v i t y ,  th e  
r e l a t i v e  amount o f  th e  i n t e r n a l  to  t h e  e x t e r n a l  s u r f a c e  and th e  r e l a ­
t i o n  o f  t h e  p o re  s i z e  to  th e  r e a c t a n t  m o le c u le  s i z e .
M o rd e n i te s  a r e  known t o  be v e r y  a c t i v e  i s o m e r i z a t i o n  c a t a ­
l y s t s .  T h e i r  c r y s t a l l i n e  p o re  s i z e  i s  v e r y  s m a l l  even  in  r e l a t i o n  to  
s m a l l  m o le c u l e s .  Z e o l i t e s  a r e  a l s o  u n u s u a l  a s  compared to  o t h e r  
c a t a l y s t  ty p e s  b e c a u s e  th e y  have  a  b i n o d a l  p o re  d i s t r i b u t i o n .
One o f  t h e  nodes  i s  a  m ic r o - p o r e  n ode , w hich  i s  d e te rm in e d  
by th e  s i z e  o f  th e  p o r e s  in  th e  c r y s t a l l i t e s .  As p o in te d  o u t  e a r l i e r ,  
t h e s e  c r y s t a l l i t e s  a r e  u s u a l l y  from 1-5  m ic ro n s  in  s i z e .  They can  be 
a g g lo m e ra te s  o f  s m a l l e r  c r y s t a l s .
The second  node i s  an  i n t e r c r y s t a l l i n e  m a c ro -p o re  sy s te m  t h a t  
i s  p r e s e n t  in  th e  c a t a l y s t  m a t r i x  be tw een  th e  c r y s t a l l i t e s  a s  a  r e s u l t  
o f  p i l l i n g  them . A s k e t c h  p i c t u r i n g  th e  a r ra n g em en t  o f  t h e s e  p o r e s  in  
a  c r o s s - s e c t i o n a l  s l i c e  o f  a  c a t a l y s t  p a r t i c l e  {.s shown in  F ig u r e  11 
(p ag e  5 6 ) .  . *
T y p ic a l  m ic r o - p o r e  d ia m e te r s  f o r  m o rd e n i te s  a r e  a b o u t  5 -7 R.
A d i s t r i b u t i o n  o f  p o r e  s i z e s  d o es  n o t  o c c u r ,  a s  a l l  o f  th e  p o r e s  a r e  
t h e  same s i z e .  M ac ro -p o re  d ia m e te r s  can  be  r e p r e s e n t e d  by th o s e  
t y p i c a l  o f  a c t i v a t e d  c a r b o n .  Such a  b i n o d a l  d i s t r i b u t i o n  i s  i l l u s ­
t r a t e d  in  F ig u r e  12 (p ag e  5 6 ) .  M ic ro -p o re  d ia m e te r s  f o r  o t h e r  z e o l i t e s  
r a n g e  from  3 t o  5$ f o r  Type A up to  9 t o  10& f o r  Type X. T hese  a r e  
shown f o r  c o m p a r iso n .
T h e re  i s • l i t t l e .d o u b t  t h a t  t h e r e  i s  a  v e r y  s i g n i f i c a n t  r e s i s ­
t a n c e  to  t h e  f lo w  o f  r e a c t a n t s  i n  th e  m ic r o - p o r e s  o f  m o r d e n i t e .  T h is  
i s  n o t  o n ly  a p p a r e n t  from t h e  p o re  s i z e  b u t  s u b s t a n t i a t e d  by  th e  m agn i­
tu d e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  1 0 " 6  t o  .1 0 “ 1 0  c n F /s e c  r e p o r t e d  
f o r  m o rd e n i te  e a r l i e r  i n  C h a p te r  I I .
One m ethod o f  e v a l u a t i n g  th e  im p o r tan ce  o f  m ic ro -p o r e  d i f f u ­
s io n  would be  t o  change  th e  s i z e  o f  th e  m o rd e n i te  c r y s t a l s  and t o  e v a l ­
u a t e  th e  r e a c t i o n  o v e r  t h e s e  d i f f e r e n t  c r y s t a l  s i z e s .  As th e  s i z e  o f  
th e  c r y s t a l  d e c r e a s e s ,  th e  r e s i s t a n c e  t o  d i f f u s i o n  would d e c r e a s e .
T h u s ,  i f  d i f f u s i o n  d id  have  a  r e t a r d i n g  i n f l u e n c e  on th e  r e a c t i o n ,  th e  
u se  o f  th e  s m a l l e r  c r y s t a l l i t e s  would speed  up t h e  r e a c t i o n .
M icro p o re s
I n s i d e 1-5  M icron
M acroporesM o rd e n i te
C r y s t a l l i t e s
C r y s t a l s
C r o s s - S e c t io n '  View o f  P i l l e d  
and C rushed  P a r t i c l e
A C r o s s - S e c t i o n a l  S k e tc h  
F ig u r e  11. Showing a  Com parison o f  Macro- 
and  M ic ro -P o re s  i n  M o r d e n i t e .
LEGEND
(a )  Z e o l i t e  Type 3A
(b )  Z e o l i t e  Type 4A
(c )  M o rd e n i te
(d) Z e o l i t e  Type 13X
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P o re  D ia m e te r ,  £
The B in o d a l  P o re  S iz e  
F ig u r e  12. D i s t r i b u t i o n  f o r  M o rd e n i te  
and O th e r  Z e o l i t e s .
U n f o r t u n a t e l y ,  v a r i a b l e  c r y s t a l  s i z e s  w ere  n o t  a v a i l a b l e  and i t  was 
n o t  p o s s i b l e  t o  d e te r m in e  th e  im p o r ta n c e  o f  d i f f u s i o n  in  th e  m ic ro ­
p o r e s .  In  v iew  o f  t h i s  l i m i t a t i o n ,  i t  sh o u ld  be  k e p t  in  mind t h a t  
th e  r e a c t i o n  r a t e s  d e te rm in e d  w i l l  in c lu d e  th e  e f f e c t  o f  th e s e  m ic r o ­
p o re  d i f f u s i o n a l  r a t e s .
The e f f e c t  o f  d i f f u s i o n  in  m a c ro -p o re s  h a s  been  i n v e s t i g a t e d .  
The method used  t o  e v a l u a t e  t h i s  e f f e c t  was t o  d e te r m in e  th e  r e a c t i o n  
r a t e  o v e r  c a t a l y s t s  w i t h  v a r i a b l e  p a r t i c l e  s i z e £ .  S i m i l a r l y  t o  th e  
above d i s c u s s i o n ,  i f  t h e  d i f f u s i o n  w ere  r e t a r d i n g  th e  r e a c t i o n ,  t h e  
u se  o f  s m a l l e r  p a r t i c l e s  would speed  up th e  r e a c t i o n .
These  e x p e r im e n t s  w ere  p e rfo rm ed  w i th  th e  P d -H -m orden ite  
(SlOg/AlgO^ = 1 0 /1 )  c a t a l y s t .  The e x p e r im e n ts  w ere  p e rfo rm ed  w i th  f o u r  
d i f f e r e n t  p a r t i c l e  d i a m e te r  r a n g e s .  T hese  a v e r a g e  d ia m e te r s  ranged  
from 0 .1 1 2  t o  1 .1 2 1  mm. The o t h e r  e x p e r im e n ta l  c o n d i t i o n s  w ere  h e ld  
e s s e n t i a l l y  c o n s t a n t .  T hese  c o n d i t i o n s  a r e  shown w i th  th e  r e s u l t i n g  
r a t e  c o n s t a n t s  i n  T a b le  V (page  58) . The e x p e r im e n ts  w ere  made a t  two 
l e v e l s  o f  h y d ro g e n /c y c lo h e x a n e  m ole r a t i o s  o f  9 .7  and 1 9 .6 .
The s i m p l i f i e d  r a t e  c o n s t a n t  ( t o  be d e r iv e d  on page 59) v a r ­
i e s  somewhat o v e r  t h e  t e n - f o l d  change  i n  d ia m e te r  b u t  w i th o u t  a  t r e n d  
in  th e  v a r i a t i o n .  I t  i s  co n c lu d e d  from  t h e s e  d a t a  t h a t  d i f f u s i o n  in  
th e  m a c ro -p o re s  o f  t h e  c a t a l y s t  i s  n o t  l i m i t i n g  th e  o v e r - a l l  r a t e .
The m a c r o -p o re s  o f  t h e  o t h e r  t h r e e e  c a t a l y s t s  a r e  a t  l e a s t  a s  
l a r g e  a s  th o s e  o f  th e  10 /1  s i l i c a / a l u m i n a  P d -H -m o rd en ite  b e c a u se  some 
o f  th e  s t r u c t u r e  h a s  b e en  rem oved. F o r  t h i s  r e a s o n ,  i t  h a s  been  
assumed t h a t  m a c ro -p o re  d i f f u s i o n  i s  n o t  l i m i t i n g  th e  o v e r - a l l  r a t e  
f o r  t h e  o t h e r  c a t a l y s t s  a l s o .
E f f e c t  o f  C a t a l y s t  P a r t i c l e  S iz e  on C yclohexane  
T a b le  V. I s o m e r i z a t i o n  S im p l i f i e d  R a te  C o n s ta n t  f o r  10 /1  
SiOg/AlgOs P d -H -M o rd en ite .





C a t a l y s t  Type P d-H -M orden ite
SiOa /A la 0g , m ole r a t i o  • 1 0 . 8 / 1
T e m p e ra tu re ,  ° F 462
P r e s s u r e ,  p s i a 465
Space V e l o c i t y ,  v / h r / v 2 .7 3
Run Nos. 21 , 22 ,  2 3 ,  241
Run R e s u l t s
H k/C yclohexane,
mole r a t i o  1 9 .6 9 .7
C a t a l y s t  Feed  R a te  k  
S i z e ,  mm w /h r /w  c c /g m -se c
Feed R a te  k  
w /h r /w  c c /g m -se c
0 .0 7 4 -0 .1 5  4 .2 9  0 .059 4 .2 9  0 .0 3 5
«
0 .1 5 - 0 .3 5 1  4 .2 8  0 .063 4 .2 8  0 .0 4 0
0 .3 5 1 -0 .8 3 3  4 .0 1  0 .049 4 .0 1  0 .0 3 2
0 .8 3 3 - 1 .4 1  4 .3 5  0 .0 5 6 4 .3 5  0 .0 3 5
1D e t a i l e d  Run D a ta  a r e  g iv e n  in  A ppendix  A.
4 .  C hem ical R e a c t io n  and S u r fa c e  A d s o r p t io n
I t  h a s  been  r a t i o n a l i z e d  and d e m o n s t ra te d  t h a t  g a s - f i l m  
r e s i s t a n c e  i s  n o t  c o n t r o l l i n g  th e  o v e r - a l l  r a t e  and t h a t  m a c ro -p o re  
d i f f u s i o n  r e s i s t a n c e  i s  n e g l i g i b l e .  T h is  means t h a t  th e  o v e r - a l l  r a t e  
i s  a  f u n c t i o n  o f  th e  ch em ica l  p r o c e s s e s  o f  c h e m ic a l  r e a c t i o n  a n d /o r  
s u r f a c e  a d s o r p t i o n - d e s o r p t i o n .  The i n v e s t i g a t i o n  o f  t h e s e  two p r o ­
c e s s e s  a r e  d i s c u s s e d  in  t h i s  s e c t i o n .
a .  A S im p l i f i e d  Model 4
I n  o r d e r  to  i n v e s t i g a t e  t h e  e f f e c t  o f  t e m p e r a tu r e  and 
p r e s s u r e  on th e  o v e r - a l l  r a t e ,  a  s i n g l e  f i r s t  o r d e r  r e v e r s i b l e  r e a c t i o n  
was u s e d .  T h is  r e a c t i o n  i s  i l l u s t r a t e d  a s
CyC6  MCP
w here  CyC6  i s  c y c lo h e x a n e ,  MCP i s  m e th y lc y c lo p e n ta n e  and k  and k 7 a r e  
. t h e  fo rw a rd  and r e v e r s e  r e a c t i o n  r a t e  c o n s t a n t s  r e s p e c t i v e l y .
s '
T h is  model im p l i e s  th e  fo l lo w in g  a s s u m p t io n s :
1 . The s u r f a c e  i s o m e r i z a t i o n  r e a c t i o n  o f  c y c lo h e x a n e  
t o  m e th y lc y c lo p e n ta n e  i s  the . r a t e  c p n t r o l l i n g  s t e p .
2 .  The r a t e  c o n s t a n t s  k  and k 7 a r e  in d e p e n d e n t  o f  t h e  
g a s  p h a se  c o m p o s i t io n .
The d e r i v a t i o n  o f  t h e  i n t e g r a t e d  r a t e  e q u a t i o n  i s  a s
f o l l o w s :
R a te  = r  = S s -  = kC„ - k 'C n = k(Cn - Cn /K) (1)
w here  r  = gm m oles m e th y lc y c lo p e n ta n e  p ro d u c e d / s e c  p e r  
gm o f  c a t a l y s t  
Nn = gm m oles m e th y lc y c lo p e n ta n e / s e c  
We = gm o f  c a t a l y s t
k  = cc  o f  t o t a l  g a s / s e c  p e r  gm o f  c a t a l y s t  
Cn = gm m oles  o f  c y c lo h e x a n e /c c  o f  t o t a l  gas  
CB = gm m oles  o f  m e th y lc y c lo p e n ta n e / c c  o f  t o t a l  gas  
K = k / k '  = e q u i l i b r i u m  c o n s t a n t  
E q u a t io n  (1 ) c an  be  w r i t t e n  a s
= k (y n N/V - yB N/VK) (2)dw0
C„ = y„N/V = (m ole f r a c t i o n  o f  n ) ( 'u f f V s ) '
and C„ = y„N/V = (m ole f r a e t l o n  o f  ^ J t ^ o L m f o f g a s ) .
F u r th e r m o re ,  a s  t h e r e  i s  n o t  a change  i n  th e  number o f  m oles i n  an 
i s o m e r i z a t i o n  r e a c t i o n  we may w r i t e
NB = NyB (3)
and dNB = Ndyn (4)
E q u a t io n  (2) c an  now be  e x p re s s e d  a s
S T =  (K /V )(yn -y„ /K ) (5>
a f t e r  s u b s t i t u t i n g  e q u a t i o n  (4 ) i n t o  e q u a t i o n  ( 2 ) ,  d i v i d i n g  by N and 
r e a r r a n g i n g .  E q u a t io n  (5) i s  t h e  b a s i c  r a t e  e q u a t i o n  to  be i n t e g r a t e d
S e p a r a t in g  v a r i a b l e s ,  t h e  i n t e g r a t i o n  can  be  r e p r e s e n t e d  a s
.yB
J o
 S i   = 3 s -  (6)
(y„ -y. /k) v w
°
w ith  th e  r e s t r i c t i o n  th a t  th e  feed  c o n s i s t s  o n ly  o f  cycloh exan e  and
hydrogen. The p resen ce  o f  hydrogen i s  taken in to  accou nt through th e
r e la t io n  to  th e  t o t a l  volume in  th e  fo llo w in g  manner:
■ .  F ( 1  +  Bh) ( ? )
Mpc
w here F = mass f lo w  r a t e  o f  h y d ro c a rb o n s
M “ m o le c u la r  w e ig h t  o f  h y d ro c a rb o n s  
Rh = m o la r  h y d ro g e n /h y d ro c a rb o n  r a t i o  
pG = m o la r  d e n s i t y  o f  g a s  s t r e a m  
S u b s t i t u t i n g  f o r  V i n  e q u a t i o n  ( 6 ) g iv e s  th e  f o l l o w in g  r e l a t i o n :
.yB
( y - y . / K )  fT T T e^)I ■O
d yB   — kWc MpG
F o r  p u rp o se s  o f  c o n v e n ie n c e  i n  i n t e r p r e t i n g  th e  d a t a ,  t h e  c o n c e n t r a ­
t i o n  v a r i a b l e s  a r e  c o n v e r t e d  to  a  h y d r o g e n - f r e e  b a s i s  by u s in g
Y = (y) (m oles  o f  t o t a l  g a s /m o le s  o f  h y d ro ca rb o n )  (9)
° r y-  -  (1  +  R„) <10)
and Yn +  YB = 1 (11)
Y_ “  1 -  Y_D 0
s
w here  Y^  = m ole  f r a c t i o n  o f  c y c lo h e x a n e  on h yd rogen  f r e e  b a s i s
Yn = m ole  f r a c t i o n  o f  m e th y lc y c lo p e n ta n e  on hydrogen  f r e e  
b a s i s
S u b s t i t u t i n g  e q u a t i o n s  (10) and (11) i n t o  ( 8 ) g iv e s
f dY" = kWc Mos (12 )
1 [ l - Y n (K +  1 ) /K ]  F (1  +  Rh)
o
As th e  f u g a c i t y  c o e f f i c i e n t s  o f  c y c lo h e x a n e  and m e th y lc y c lo p e n ta n e  a r e  
n e a r  u n i t y  and e s s e n t i a l l y  e q u a l  a t  th e  c o n d i t i o n s  u sed  in  t h i s  s tu d y ,  
t h e  te rm  c o n ta i n in g  th e  therm odynam ic e q u i l i b r i u m  c o n s t a n t s  c a n  be  
e x p re s s e d  as
1 d* K _ 1 +  k / k  _ k  +  k* ■_ r  ^ v  \  /v  1  f 13^
K k / k  k  ~ n e q u i l i b r i u m  '  '
The r e c i p r o c a l  o f  th e  e q u i l i b r i u m  mole f r a c t i o n  ( h y d r o g e n - f r e e )  i
m e th y lc y c lo p e n ta n e  i s  d e f in e d  a s  1 /Ye and
1 +  K = _1_
K YE
S u b s t i t u t i n g  (14) i n t o  (12) r e s u l t s  i n
/ "J  o
(-dYm) _ kWc Mos
(1-Yn /YE) “  " P (1  +  R„)
P e r fo rm in g  th e  i n t e g r a t i o n  g iv e s
I n  <1  -  Y „ / Y E)  =  -  kW;Mp'F ( 1  +  R„)YE
FD e f in e  —  = W = mass f lo w  r a t e  We
 mass o f  c y c lo h e x a n e  fed_______
( u n i t  t i m e ) ( u n i t  mass o f  c a t a l y s t )




In  (1  -  Yb /Ye ) = -  Yt V I( l  +  Rh)
k = -  E < 1 + J h2 I l  l n ( l - Y „ / Y E)
pG
•"r_jgfeiL _i 
\  = i  „ e- L \ w  + Rh)J
Ye
The ex p o n en t i n  (18B) i s  r e l a t e d  to  t h e  s u p e r f i c i a l  h o ld in g  tim e 
by
MPc =  =  On tu
W(l+R„) V P0*
w here Ve = t o t a l  volum e of' c a t a l y s t  bed
' p0  *= b u lk  d e n s i t y  o f  c a t a l y s t










t H = s u p e r f i c i a l  h o ld in g  t im e  o f  g a s e s  in  c a t a l y s t  bed 
w hich  r e s u l t s  in  th e  e x p r e s s i o n
L l  « 1  -  e  " ^ P b W Y e )  ( 2 0 )
Ye
T h is  r e l a t i o n  s t a t e s  t h a t  th e  f r a c t i o n a l  a p p ro a c h  t o  e q u i l i b r i u m  i s
o n ly  a  f u n c t io n  o f  th e  s u p e r f i c i a l  h o ld in g  t im e  o f  th e  r e a c t i o n  g a s e s .
U sing th e  r e a c t i o n  r a t e  c o n s t a n t  d e f in e d  by t h i s  m odel,
t h e  o r d e r  o f  th e  r e a c t i o n  and t h e  e f f e c t  o f  t e m p e r a tu r e  and p r e s s u r e
«
c o u ld  be i n v e s t i g a t e d .
b .  C o n f i rm a t io n  o f  t h e  R e a c t io n  O rd e r  f o r  th e  S i m p l i f i e d  
Model
I n  th e  p r e v io u s  s e c t i o n ,  a  s im p le  f i r s t  o r d e r  r e v e r s i b l e  
r e a c t i o n  model was assum ed. The f o l l o w i n g  l i n e a r  r e l a t i o n  sh o u ld  
d e s c r i b e  th e  d a t a  i f  th e  assumed m odel i s  a p p l i c a b l e :
- l n ( l  -  Yb /Ye ) = C onstan t/W  
T h is  l i n e a r  r e l a t i o n  was d e r iv e d  f o r  c o n d i t i o n s  o f  c o n s t a n t  t e m p e r a tu r e ,  
t o t a l  p r e s s u r e  and c y c lo h e x a n e  p a r t i a l  p r e s s u r e . T h i s  model has  been  e v a l ­
u a te d  f o r  each  o f  th e  f o u r  m o rd e n i te  c a t a l y s t s .  The d a t a  o b ta in e d
w i t h  each  c a t a l y s t  i s  d i s c u s s e d  in  t h e  fo l l o w in g  p a r a g r a p h s .
F ig u r e  13 (p a g e  64) c o n f i rm s  th e  l i n e a r  r e l a t i o n s h i p  f o r
t h e  9 /1  s i l i c a / a l u m i n a  r a t i o  m o r d e n i t e .  The c o n d i t i o n s  f o r  t h e s e  e x ­
p e r im e n ts  were 484°F , 465 p s i a  t o t a l  p r e s s u r e ,  and 9 - 8 /1  h y d ro g e n /  
c y c lo h e x a n e  mole r a t i o .  The d a t a  w ere  t a k e n  o v e r  a  fe e d  r a t e  r a n g e  o f  
1 .1 0  to  8 . 8 6  gm c y c lo h e x a n e /h r  p e r  gm o f  c a t a l y s t .  The i s o m e r i z a t i o n  
c o n v e r s io n  ranged  from 1 4 .5 1  t o  59.15%. The fo rw a rd  r e a c t i o n  r a t e  
c o n s t a n t ,  k ,  c a l c u l a t e d  f o r  e ach  o f  th e  ru n s  i s  shown in  T a b le  VI 
(p ag e  6 5 ) .  Four o f  th e  f i v e  v a l u e s  f a l l  i n  th e  r a n g e  o f  0 .0 6 4  to  0 .066
Run No. 17
0 .5
0 . 80.60 .4
l / ( w / h r / w ) ,  h r
T est  o f  Model fo r  R e v e r s ib le  F ir s t -O r d e r  R eaction :
F igu re  13 . Cyclohexane H y d ro isom eriza tion  Over 9 /1  SiOg/ALgOg
Pd-H-Mordenite.
• T a b le  VI.
T e s t  f o r  R e v e r s i b l e  F i r s t - O r d e r  R e a c t io n ;  
The In d ep en d en ce  o f  Space  V e lo c i t y .
9 /1  S i0 2 /A l 2 03  P d -H -M o rd en i te .
O p e r a t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type Pd-H -M orden ite
S i0 2 /A l 2 03  , mole r a t i o 9 /1
T e m p e ra tu re ,  ° F 484
P r e s s u r e ,  p s i a 465 .
E j/C y c lo h e x a n e ,  m ole r a t i o 9 .8
Run No. 171
Run R e s u l t s
Feed R a te  
w /h r /w
k
c c /g m -se c
M e th y lc y c lo p e n ta n e  
% o f  T o t a l  MCP 
- l n ( l - Y n /YE) +  C yclohexane
C rack in g  
m ole %
1 . 1 0 0 .0 6 4 1 .6 3 7 5 9 .15 2 . 2 1
1 .77 ' 0 .065 1 .0 3 7 4 7 .5 0 1 .5 4
3 .3 2 0 .0 7 4 0 .6 3 9 3 4 .7 4 1 .33
4 .4 3 0 .065 0 .4 1 0 2 2 .76 0 .9 5
8 . 8 6 0 .0 6 6 .0 .216 14 .57 1 . 0 1
1D e t a i l e d  Run D a ta a r e  g iv e n  i n  A ppendix  A.
cc /g m -se c  w i th  one o f  t h e  i n t e r m e d i a t e  fe e d  r a t e  v a lu e s  b e in g  h ig h  a t  
0 .0 7 4  c c /g m -se c .  T h is  h ig h  v a l u e  was a p p a r e n t l y  due to  e x p e r im e n ta l  
e r r o r .  T a b le  VI (page  65) a l s o  shows t h a t  h y d ro c ra c k in g  w h ich  occu red  
i s  g e n e r a l l y  l e s s  th a n  2 %.
The c o n f i r m a t i o n  o f  t h e  l i n e a r  r e l a t i o n s h i p  f o r  th e  10/1  
s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  i s  shown in  F ig u r e  14 (p ag e  6 7 ) .  These 
d a t a  were t a k e n  a t  a t e m p e r a tu r e  o f  480° F ,  a  t o t a l  p r e s s u r e  o f  465 
p s i a ,  and a  h y d ro g e n /c y c lo h e x a n e  mole r a t i o  o f  9 . 6 / 1 .  The ra n g e  o f  th e  
fe e d  r a t e  f o r  t h e s e  e x p e r im e n ts  was from  1 .62  to  8 .1 2  w /h r /w .  The 
fo rw ard  r a t e  c o n s t a n t s  a r e  shown i n  T a b le  V II  (page  6 8 ) .  The v a lu e s  
r a n g e  from 0 .0 9 1  t o  0 .1 0 8  c c /g m - s e c .  H y d ro c ra ck in g  f o r  t h i s  c a t a l y s t  
i s  seen  to  be  s l i g h t l y  h ig h e r  w i th  a  maximum o f  5.17% a t  th e  low feed  
r a t e .
The l i n e a r  r e l a t i o n s h i p  f o r  th e  2 6 /1  s i l i c a / a l u m i n a  
r a t i o  m o rd e n i te  i s  g iv e n  in  F ig u r e  15 (page  6 9 ) .  A te m p e r a tu r e  o f  
480° F ,  a t o t a l  p r e s s u r e  o f  465 p s i a ,  and a  h y d ro g e n /c y c lo h e x a n e  mole 
r a t i o  o f  9 . 6 / 1  was used  f o r  t h e s e  e x p e r im e n t s .  The fe e d  r a t e  ranged  
from  1 .03  to  8 .2 8  w /h r /w .  The r a t e  c o n s t a n t s  a r e  shown in  T a b le  V I I I  
(page  7 0 ) .  The v a lu e s  ra n g e  from  0 .1 3 2  t o  0 .1 3 9  c c /g m -s e c .  The m ax i­
mum h y d ro c ra c k in g  o b ta in e d  was 2.56% a s  i s  shown i n  T a b le  V I I I .  •
F ig u r e  16 (p ag e  71) shows th e  l i n e a r  r e l a t i o n s h i p  f o r  
th e  52 /1  s i l i c a / a l u m i n a  r a t i o  m o r d e n i t e .  The e x p e r im e n ta l  c o n d i t i o n s  
f o r  t h i s  t e s t  were  600PF, 465 p s i a ,  and 9 . 3 - 9 . 6 / 1  h y d ro g e n /c y c lo h e x a n e  
mole r a t i o .  The ra n g e  o f  f e e d  r a t e  was 1 .6 2  to  8 .1 0  w /h r /w .  The r a t e  
c o n s t a n t s  a r e  shown i n  T a b le  IX (p ag e  7 2 ) ,  a s  a r e  th e  p e r c e n ta g e s  o f  








1 / ( w / h r / w ) , h r
T est o f  Model fo r  R e v e r s ib le  F ir s t -O r d e r  R eaction :
F igu re  14. Cyclohexane, H yd ro isom eriza tion  Over 10 /1  SiOg/AlgOg
Pd-H-Mordenite.
T e s t  f o r  R e v e r s i b l e  F i r s t - O r d e r  R e a c t io n ;  
T a b le  V I I .  The In d e p e n d en c e  o f  Space V e l o c i t y .
10 /1  S i0 3 /A12 03  P d -H -M o rd en ite .
O p e ra t in g  C o n d i t io n s  
Feed
C a t a l y s t
S i0 3 /A ls 03  , m ole  r a t i o  
T e m p e ra tu re ,  °F  
P r e s s u r e ,  p s i a  
H g /C yclohexane , m ole  r a t i o  
Run No.
C yclohexane  





Run R e s u l t s
Feed R a te  
w /h r /w
k
cc /g m -se c
M e th y lc y c lo p e n ta n e  
% o f  T o t a l  MCP 
-lnfl-Ym  /Ye ) +  C yc lo h ex an e
C rack in g  
mole 7o
1 .62 0 .0 9 6 1 .678 5 6 .3 0 5 .1 7
3 .0 5 0 .0 9 1 0 .8 6 4 4 1 .1 2 2 .6 4
4 .0 7 0 . 1 0 0 0 .6 8 7 3 5 .95 0 .8 9
8 . 1 2 0 .1 0 8 0 .3 7 1 2 2 .42 0 .9 6
1 D e t a i l e d  Run D a ta  a r e  g iv e n  in  A ppendix  A.
Run No. 13





0 .8 1.00 .60 .40 .2
l / ( w / h r / w ) ,  h r
T e s t  o f  Model f o r  R e v e r s i b l e  F i r s t - O r d e r  R e a c t io n :
F ig u r e  15. C yclohexane  H y d r o is o m e r iz a t io n  Over 2 6 /1  SiOg/AlgOg
P d -H -M o rd en ite .
T a b le  V I I I .
T e s t  f o r  R e v e r s ib l e  
The In d ep en d en ce  o f  
2 6 /1  S i0 2 /A l 3 03  Pd-
F i r s t - O r d e r  R e a c t io n ;  
Space V e l o c i t y .  
K -M o rd en ite .
O p e r a t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type P d-H -M orden ite
S iO g/A lgO s, mole r a t i o JJ5.5 /1
T e m p e ra tu re ,  ° F 480
P r e s s u r e , p s i a 465 -
H g /C y c lo h ex an e , mole r a t i o
Run No. 131
Run R e s u l t s
. M e th y lc y c lo p e n ta n e
' Feed R a te k % o f  T o t a l  MCP C ra ck in g
w /h r /w  c c /g m -s e c  - l n ( l - Y B/YE) +  C yclohexane m ole %
1 .03 0 .1 3 6  3 .7 6 7 7 1 .2 0 2 .3 7
1 .6 5 0 .1 3 4  2 .3 2 2 6 6 . 0 0 2 .5 6
1 .6 5 0 .1 3 2  2 .2 8 9 65 .55 1 .2 9
3 .1 1 0 .1 3 4  1 .242 5 2 .0 0 1 .1 8
3 .1 1 0 .1 3 6  1 .257 5 2 .2 0 0 .8 7
8 .2 8 0 .1 3 9  0 .4 9 1 28 .32 0 . 0 0
8 .2 8 0 .1 3 7  0 .4 8 2 27 .93 0 . 0 0








1 / (w /h r /w ) ,  h r
T e s t  o f  Model f o r  R e v e r s ib l e  F i r s t - O r d e r  R e a c t io n :
F ig u re  16 . C yclohexane H yd ro isom eriza tion  Over 5 2 /1  S i0 2 /A l303
Pd-H -M ordenite.
T e s t  f o r  R e v e r s i b l e  F i r s t - O r d e r  R e a c t io n ;  
T a b le  IX. The Independence  o f  Space V e l o c i t y .
.5 2 /1  SiOg/AlgOa P d -H -M o rd en i te .
O p e ra t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type Pd-H -M orden ite
SiOs /A 1 2 0 3  , mole r a t i o 5 2 .1 /1
T e m p e ra tu re ,  °F 600
P r e s s u r e ,  p s i a . 465
^ / C y c l o h e x a n e ,  mole r a t i o 9 . 3 - 9 . 6
Run No.
Run R e s u l t s  
Feed R a te  k
71
M e th y lc y c lo p e n ta n e  
% o f  T o t a l  MCP C ra c k in g
w/hw/w cc /g m -se c ln ( l - Y „ /Y E) _ + C yclohexane m ole  %
1 .62  0 .0 7 9 1 .125 5 5 .89 3 .0 6
3 .0 4  0 .0 7 5 0 .5 6 6 3 6 .0 5 1 .9 3
3 .0 4  . 0 .0 7 4 0 .5 7 1 3 5 .8 0 1 . 0 1
4 .0 6  0 .075 0 .4 1 6 2 8 .2 1 2 .9 4  .
4 .0 6  0 .0 7 4 0 .4 1 1 2 7 .9 0 2 .7 9
8 .1 0  0 .0 7 5 0 .2 0 8 15 .62 2 .1 7
8 .1 0  0 .0 7 2 0 . 2 0 1 15 .13 2 .2 5
1 D e t a i l e d  Run D ata a r e  g iv e n  i n A ppendix  A.
o v e r  th e  i s o m e r i z a t i o n  r a n g e  o f  15 to  55%. The h y d ro c ra c k in g  i s  a l s o  
shown i n  t h i s  t a b l e  to  be a  maximum o f  3.06%.
From th e s e  t e s t s  o f  th e  r e a c t i o n  o r d e r ,  i t  i s  c o n c lu d ed  
t h a t  a l l  f o u r  c a t a l y s t s  f o l l o w  a  f i r s t - o r d e r  r e v e r s i b l e  r e a c t i o n .
T h u s ,  a t  c o n s t a n t  p r e s s u r e  and h y d ro g e n /c y c lo h e x a n e  mole r a t i o ,  th e
, t
u se  o f  th e  s i m p l i f i e d  r a t e  c o n s t a n t  i s  v a l i d .  I t  was a l s o  o b se rv ed  
t h a t  h y d ro c ra c k in g  was g e n e r a l l y  l e s s  th a n  3%, even  a t  th e  lo w e s t  fe ed  
r a t e s .  ,
c .  The E f f e c t  o f  T e m p e ra tu re
The e f f e c t  o f  t e m p e r a tu r e  upon th e  s i m p l i f i e d  r a t e  
c o n s t a n t  was e v a lu a te d  w i th  th e  A r r h e n iu s  e q u a t io n
k = A e - E /E I
w here  E = th e  m o la l  e n e rg y  o f  a c t i v a t i o n
A = th e  p r o p o r t i o n a l i t y  f a c t o r  c a l l e d  th e  
" f r e q u e n c y  f a c t o r "
R = gas  c o n s t a n t  
T = a b s o l u t e  t e m p e r a t u r e .
The e f f e c t  o f  t e m p e ra tu re  was e v a l u a t e d  w i t h  b o th  c y c lo h e x a n e  and n -  
p e n ta n e  over e ac h  o f  th e  f o u r  c a t a l y s t s .  The r e s u l t s  w i th  c y c lo h e x a n e  
a r e  d i s c u s s e d  f i r s t .
1 .  C yclohexane
The te m p e r a tu r e  was v a r i e d  ov e r  a  ra n g e  so  t h a t  a 
w ide  ra n g e  o f  c o n v e r s io n  was o b t a i n e d .  A l l  o th e r  c o n d i t i o n s  w ere  h e ld  
c o n s t a n t .  The fo rw ard  r a t e  c o n s t a n t s  w ere  c a l c u l a t e d  u s in g  e q u a t io n  
(18A) on page 62. The d a t a  o b ta in e d  w i th  each  c a t a l y s t  i s  p r e s e n te d  
i n  th e  fo l lo w in g  p a r a g r a p h s .  The d a t a  i n  th e  t a b l e s  i n  t h e s e  two 
s e c t i o n s  d i s c u s s i n g  th e  e f f e c t  o f  t e m p e r a tu r e  were o b ta in e d  w i th  one
t o  t h r e e  b a tc h e s  o f  c a t a l y s t .  The d a t a  have  been  assem bled  in  t h e s e  
t a b l e s  i n  th e  o r d e r  i n  w hich  th e  e x p e r im e n ts  w ere  p e r fo rm ed .  I t  sh o u ld  
a l s o  be  n o te d  t h a t  th e  number o f  p o i n t s  p l o t t e d  on th e  f i g u r e  may n o t  
c o r re s p o n d  t o  th e  number o f  p o i n t s  i n  th e  a s s o c i a t e d  t a b l e .  The 
r e a s o n  f o r  t h i s  a p p a r e n t  d i s c r e p a n c y  i s  t h a t  i f  two o r  more p o i n t s  f e l l  
c l o s e  t o g e t h e r ,  u s u a l l y  o n ly  one c i r c l e d  p o i n t  was p l o t t e d  in  th e  
f i g u r e .
F ig u r e  17 (page  75) shows an 4 A r rh e n iu s  ty p e  p l o t
)
o f  t h e  r e s u l t s  f o r  th e  9 / 1  s i l i c a ' / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t .
The r a t e  c o n s t a n t s  a r e  g iv e n  i n  T a b le  X ( 7 6 ) .  A ls o  g iv e n  i n  t h i s  t a b l e  
a r e  th e  t e m p e r a tu r e ,  t h e  r e c i p r o c a l  t e m p e r a tu r e ,  and th e  % m e th y lc y c lo ­
p e n ta n e  o f  th e  t o t a l  m e th y lc y c lo p e n ta n e  p l u s  c y c lo h e x a n e .  The r a t e  
c o n s t a n t s  ra n g e  in  v a l u e  from  0 .0 2 6 7  t o  0 .3 6 5 2  c c /g m -se c  o v e r  th e  
t e m p e r a tu r e  ra n g e  o f  460 t o  540°F , . .
F ig u r e  18 (p ag e  77) shows an A r r h e n iu s  ty p e  p l o t  o f  
th e  r e s u l t s  f o r  th e  1 0 /1  s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t .  The 
r a t e  c o n s t a n t s  a r e  g iv e n  i n  T a b le  X I (p ag e  7 8 ) .  T a b le  XI a l s o  shows 
th e  t e m p e r a tu r e ,  r e c i p r o c a l  t e m p e r a t u r e ,  and % i s o m e r i z a t i o n .  The r a t e  
c o n s t a n t s  ra n g e  from 0 .0 0 4 1  t o  0 .1 9 1 4  c c /g m -se c  o v e r  th e  te m p e ra tu re  
r a n g e  o f  402 to  502°F .
F ig u r e  19 (p a g e  79) shows th e  A r rh e n iu s  p l o t  f o r  t h e  
2 6 /1  s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t .  The te m p e r a t u r e ,  r e c i p ­
r o c a l  t e m p e r a tu r e ,  and % i s o m e r i z a t i o n  a r e  g iv e n  i n  T a b le  X I I  (page  80) 
a lo n g  w i th  t h e  r a t e  c o n s t a n t s .  The a v e r a g e  r a t e  c o n s t a n t s  ran g ed  in  
v a l u e  from 0 .0259 to  0 .3 5 4 9  c c /g m -se c  o v e r  a  t e m p e r a tu r e  ra n g e  o f  427
Run Nos. 16A-D, 17D, 28
1 .0  1 .0 5  1 .1 0
1000/T em perature, 1/°R
F ig u re  17 . A rrh en ius P lo t  fo r  C yclohexane H yd ro isom erization
Over 9 /1  S i0 a /A la03 Pd-H -M ordenite.
The E f f e c t  o f  T e m p e ra tu re  on R e v e r s i b l e  F i r s t - O r d e r  
T a b le  X. R a te  C o n s ta n t  f o r  C y c lo h ex an e . 9 /1  S i0 3 /A l 2 03  
P d -H -M o rd en ite .
O p e r a t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type Pd-H -M orden ite
SiOg/ALgOa, m ole r a t i o Sf/1
P r e s s u r e , p s i a 465 *
H g /C yclohexane , m ole  r a t i o 9 . 4 - 9 . 6
“
S pace  V e l o c i t y ,  v / h r / v 2 .7 3
w /h r /w 4 .4 3 - 4 .5 2
Run No. 16A-D, 17D, 281
Run R e s u l t s
s M e th y lc y c lo ­
p e n t a n e ,  %
T e m p e ra tu re , 1 0 0 0 /T em p e ra tu re , k , o f  T o t a l  MCP
° F 1 /°R c c /g m -se c +  C yclohexane
460 1 .087 0 .0 2 8 8 1 2 .72
460 1 .087 0 .0267 1 1 .9 0
484 1 .0 6 0 0 .0575 2 2 .7 6
493 1 .0 5 0 0 .0799 2 9 .6 1
493 1 .0 5 0 0 .0 7 1 6 2 7 .2 1
513 1 .0 2 8 0 .1 5 9 0 4 7 .2 6
513 1 .0 2 8 0 .1 6 2 1 4 7 .7 0
540 1 . 0 0 0 0 .3 6 1 0 6 6 .4 0
540 1 . 0 0 0 0 .3 0 0 0 6 2 .5 3
540 1 . 0 0 0 0 .3 6 2 5 6 8 .6 7
540 1 . 0 0 0 0 .3543 6 8 .1 9
482 1 .062 0 .0 5 6 2 2 2 . 2 1
482 1 .062 0 .0 5 4 2 2 1 .5 5
468 1 .0 7 8 0 .0 2 9 7 1 2 .87
468 1 .0 7 8 0 .0 3 1 4 1 3 .53
540 1 . 0 0 0 0 .3652 6 8 .3 5
540 1 . 0 0 0 0 .3 5 2 8 6 7 .5 1
1 D e t a i l e d Run D a ta  a r e  g iv e n  i n  A ppendix  A.








1 .0 5  1 .1 0  1.15.
1 0 0 0 /T em p e ra tu re ,  1/°R
F ig u re  18 . A rrhen ius P lo t  fo r  C yclohexane H y d ro iso m eriza tio n
Over 10 /1  SiOg/ALjOa Pd-H -M ordenite.
The E f f e c t  o f  T e m p era tu re  on R e v e r s i b l e  F i r s t - O r d e r  
T a b le  X I .  R a te  C o n s ta n t  f o r  C y c lo h ex an e .  1 0 /1  SiOjg/AlgOa 
P d -H -M o rd e n i te .
O perating C o n d ition s  
Feed
C a ta ly s t  Type
SiOjg/ALgOa, mole r a t io
P r e ssu r e , p s ia
H g/C yclohexane, m ole r a t io





1 0 . 8 /1
465
9 . 5 - 9 . 6
2 .7 3
4 .0 7
2A-E, 3A, 4G, 321
Run R e su lts
Tem perature.
°F
1000/T em perature, 
1/°R
k ,
c c /g m -sec
M eth y lc y c lo ­
p en ta n e , % 
o f  T o ta l MCP 
+ C yclohexane
480 1 .064 0 . 1 0 0 0 3 6 .2 2
480 1 .064  . 0 .0 9 4 0 3 5 .0 2
449 1 . 1 0 1 0 .0 2 8 0 13 .21
402 1.161 0 .0 0 4 1 2 .2 5
402 1 .161 0 .0049 2 .7 2
437 1 .115 0 .0 1 5 7 7 .99
437 1.115 0 .0 1 4 7 7 .5 0
480 1 .064 0 .1 0 9 2 3 9 .3 0
502 1 .040 0 .1 9 1 4 ' 5 4 .9 1
481 1.063 0 .1 3 9 9 4 5 .0 6
462 1 .085 0 .0 5 2 5 2 2 .47
462 1 .085 0 .0 5 4 5 2 3 .1 8
440 1 . 1 1 2 0 .0 2 4 5 11 .67
■•■Detailed Run D ata  a r e  g iv e n  i n  A ppend ix  A.





H H P I
0 . 1 0  -j
0.01
1.00 1 .0 5 1.10 1 .1 5
1 0 0 0 /T e m p e ra tu re ,  1 /°R
F ig u re  19 . A rrhenius P lo t  fo r  C yclohexane H yd ro isom eriza tion
Over 2 6 /1  SiOg/Al^Oa Pd-H -M ordenite.
The E f f e c t  o f  T e m p e ra tu re  on R e v e r s i b l e  F i r s t - O r d e r  
T a b le  X I I .  R a te  C o n s ta n t  f o r  C y c lo h ex an e . 2 6 /1  SiOg/AlgQs
P d-H -M orden ite
O perating C o n d ition s
Feed C yclohexane
C a t a l y s t  Type P d -H -M o rd en ite
S i 0 2 / A l 3 0 g ,  mole r a t i o  2 5 .5 /1
P r e s s u r e ,  p s i a  ' 465
H g/C yclohexane, m ole r a t i o  9 .7
Space V e l o c i t y ,  v / h r / v  2 .7 3
w /h r /w  4 .3 3
Run Nos. 11, 12A, 12E, 14A, 261
Run R e s u l t s
M e th y lc y c lo ­
p e n ta n e ,  %
T e m p e ra tu re ,
°F
1 0 0 0 /T e m p e ra tu re ,
1 /°R
K
c c /g m -se c
o f  T o t a l  MCP 
+  C yclohexane
427 1 .1 2 8 .0 .0259 12 .55
475 1 .0 7 0 0 .1 1 6 6 4 0 .4 7
475 1 .0 7 0 0 .1 1 7 3 4 0 .6 4
480 1 .0 6 4 0 .1 4 6 0 4 6 .5 0
480 1 .0 6 4 0 .1 4 1 0 4 5 .5 5
520 1 . 0 2 1 0 .3 5 9 6 74.13
520 1 . 0 2 1 0 .3 5 2 5 7 0 .91
520 1 . 0 2 1 0 .3 5 7 7 6 7 .8 4
462 1 .085 0 .0 7 0 6 2 7 .62
479 1 .0 6 5 0 .0 9 6 6 3 4 .62
479 1 .0 6 5 0 .0 9 7 0 3 4 .7 3
437 1 .115 0 .0 2 8 7 13 .32
437 1 .115 0 .0 2 8 0 13.02
520 1 . 0 2 1 0 .3549 6 7 .6 8
520 1 . 0 2 1 0 .4 6 1 0 72 .02
xD e t a i l e d  Run D a ta  a r e  g iv e n  i n  A ppend ix  A.
F ig u r e  20 (p ag e  82) shows th e  A r r h e n iu s  p l o t  f o r  
t h e  5 2 /1  s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t .  The d a t a  u sed  in  
m aking t h i s  p l o t  a r e  g iv e n  in  T a b le  X I I I  (p ag e  83) . The r a t e  c o n s t a n t s  
ra n g e d  in  v a lu e  from  0 .0 2 5 4  to  0 .2 7 2 4  c c /g m -sec  o v e r  t h e  te m p e r a tu r e  
r a n g e  o f  546 t o  655°F .
i
Each o f  th e  s e t s  o f  d a t a  f o r  th e  f o u r  c a t a l y s t s  
h a s  been  f i t t e d  t o  a  l i n e a r  c u rv e  w i th  a  l e a s t - s q u a r e s  a n a l y s i s .  The 
a c t i v a t i o n  e n e rg y  h a s  b e en  d e te rm in e d  from  th e  p lo p e  o f  t h e  r e g r e s s e d  
c u r v e s .  The 95% c o n f id e n c e  l i m i t s  o f  th e  a c t i v a t i o n  e n e r g y ,  In  k ,  
and  t h e  e q u a t i o n  c o n s t a n t  ( I n  A) have b een  d e te r m in e d .  T hese  v a lu e s  
a r e  shown in  T a b le  XIV (page  8 4 ) .  A summary o f  th e  A r r h e n iu s  p l o t s  
f o r  t h e s e  f o u r  c a t a l y s t s  i s  shown i n  F ig u r e  21 (page  8 5 ) .
The en e rg y  o f  a c t i v a t i o n  i s  seen  to  be  t h e  lo w e s t  
f o r  th e  5 2 /1  s i l i c a / a l u m i n a  r a t i o  c a t a l y s t  and th e  h i g h e s t  f o r  th e  10 /1  
s i l i c a / a l u m i n a  r a t i o  c a t a l y s t .  The v a lu e s  ra n g e  from  2 3 .8  ±  2 .8  k c a l /  
mol t o  3 5 .3  ±  2 .4  k c a l / m o l .  L i t e r a t u r e  v a lu e s  o f  30 k c a l /m o l  (57) and 
3 5 .4  k c a l /m o l  (60) have been  r e p o r t e d  f o r  WS2  be tw een  608 and 716°F 
a n d fo rM o S 2  b e tw een  698 and 806°F r e s p e c t i v e l y .  T hese  v a l u e s  compare 
f a v o r a b ly  w i t h  th e  v a l u e s  o f  t h i s  i n v e s t i g a t i o n .
Even though  th e  ra n g e  o f  v a lu e s  o f  t h e  a c t i v a t i o n  
e n e rg y  from  o u r e x p e r im e n ts  a r e  i n  g e n e r a l  ag reem en t w i t h  t h e  l i t e r a ­
t u r e  v a l u e s ,  a  s i g n i f i c a n t  d i f f e r e n c e  does  e x i s t  b e tw een  them . The 
d i f f e r e n c e  in  th e  a c t i v a t i o n  e n e rg y  v a lu e s  o f  th e  1 0 /1 ,  2 6 / 1 ,  and 5 2 /1  
s i l i c a / a l u m i n a  r a t i o  c a t a l y s t s  a r e  s ee n  to  be  s i g n i g i c a n t  a t  th e  95% 
c o n f id e n c e  l e v e l .  T h e re  i s  a s i g n i f i c a n t  d i f f e r e n c e  b e tw een  th e  10/1  
and 9 /1  s i l i c a / a l u m i n a  r a t i o  c a t a l y s t s  a t  t h e  90% c o n f id e n c e  l e v e l .
Run N os. 5A,B, 7C, 8A, 9A, 30




o . o i
1 .0 51.00 .9 50 .9 0
1 0 0 0 /T em p era tu re ,  1 /°R
F ig u re  2 0 . A rrhen ius P lo t  fo r  C yclohexane H y d ro iso m eriza tio n
Over 5 2 /1  SiQs/AlgOa Pd-H -M ordenite.
The E f f e c t  o f  T em p era tu re  on R e v e r s i b l e  F i r s t - O r d e r  
T a b le  XXII. R a te  C o n s ta n t  f o r  C y c lo h ex an e .  5 2 /1  SiOg/AlgOg 
P d -H -M o rd en ite .
O p e r a t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type , P d -H -M o rd en ite
i
SiOg/AlgOg, 
P r e s s u r e ,  p s i a
mole r a t i o 5 2 .1 / 1
465
Hj /C y c lo h ex an e , mole r a t i o 9 . 4 - 9 . 7
Space V e lo c i t y , v / h r / v 2 .7 3
w /h r /w 3 .9 0 - 4 .0 6
Run N os. 5A,B, 7C,. 8 A, 9A , 301
Run R e s u l t s
M e th y lc y c lo -
p e n ta n e ,  %
T e m p e ra tu re ,  1000 /T em pera tu re o f  T o t a l  MCP
F 1/°R c c /g m -se c +  C yclohexane
546 0 .9 9 4 0 .0 2 5 4 11 .36
600 0 .944 0 .0 7 5 5 28 .45
600 0 .9 4 4 0 .0 7 4 9 2 8 .21
625 0 .9 2 2 0 .1 2 9 6 4 2 .1 0
651 0 .9 0 0 0 .2 2 8 6 5 8 .9 0
600 0 .9 4 4 0 .1 0 4 1 3 8 .16
600 0 .9 4 4 0 .1 0 4 1 3 8 .1 7
622 0 .9 2 5 0 .1 5 1 8 4 8 .6 0
622 0 .925 0 .1 4 9 2 4 8 .0 7
655 0 .897 0 .2 7 2 1 65 .49
655 0 .8 9 7 0 .2 7 2 4 6 5 .53
609 0 .936 0 .1 0 6 3 3 7 .81
609 0 .936 0 .1 0 7 9 38 .22
576 0.966. 0 .0 5 0 7 2 1 .93
576 0 .966 0 .0 4 7 0 2 0 .54
555. 0 .986 0 .0 2 3 4 11 .15
555 0 .986 0 .0 2 4 1 11 .50
1D e t a i l e d  Run D ata  a r e  g iv e n i n  A ppend ix  A.
Summary o f  A r r h e n iu s  P l o t s  f o r  R e v e r s i b l e  F i r s t - O r d e r  
T a b le  XXV. R a te  C o n s ta n t  f o r  C yclohexane  H y d ro is o m e r iz a t io n  
Over M o r d e n i te s .
I n  k  = ( ~ )  i  +  I n  A
 C a t a l y s t _______ E ± 2qt, k c a l / m o l  In  A ± 2pr 2 g  f o r  In  k
Pd-SiOa d e f-H  (9 /1 )  3 3 .1 8 2  ± 1 .1 7 8  29 .012  ±  1 .1 0 8  ±  0 .1 4 6
Pd-H (1 0 /1 )  3 5 .5 2 2  ±  2 .3 9 5  3 1 .8 6 6  ±  2 .3 8 1  ±  0 .2 6 8
P d -A l-d e f -H  (2 6 /1 )  2 9 .4 2 4  ±  2 .0 8 2  26 .257  ±  1 .002  ± 0 .2 7 5
P d -A l-d e f -H  (5 2 /1 )  2 3 .8 7 4  ±  2 .8 6 5  2 0 .1 0 1  ± 2 . 4 1 8  ± 0 . 2 3 4
“Ei3HM=t=:
ES
o 0 .1 0 ^rrrrH :t£^
A l - d e f  (5 2 /1 )5
S iO o -d e f  (9 /1 )
0.01 =133
vi1 rnrvri—r 
P a r e n t  (1 0 /1 )
0 .9 0 0 .9 5 1.00 1 .0 5 1.10 1 .1 5
1 0 0 0 /T em p e ra tu re ,  1 /°R
F igu re  21.' Comparison o f  M ordenite C a ta ly s t  A c t iv i t y  fo r  C y c lo ­
hexane H yd ro isom eriza tion  from A rrhen ius P lo t .
2 .  N -P en tane
The e f f e c t  o f  te m p e r a tu r e  on th e  o v e r - a l l  i s o m e r i ­
z a t i o n  r a t e  o f  n -p e n ta n e  was e v a lu a te d  i n  an  a n a lo g o u s  manner t o  t h a t  
o f  c y c lo h e x a n e .  The fo rw ard  r a t e  c o n s t a n t s  w ere  c a l c u l a t e d  from  th e  
e x p r e s s io n  d e v e lo p e d  by P .  A. B ryan t (23) in  h i s  Ph .D . d i s s e r t a t i o n  a t  
L o u i s i a n a  S t a t e  U n i v e r s i t y .  T h is  e x p r e s s i o n  i s
I
w here  w = mass o f  p e n ta n e  fe d  p e r  u n i t  t im e  p e r  u n i t
mass o f  c a t a l y s t  
Rh = 'm o la r  h y d ro g e n /p e n ta n e  r a t i o  
Mp = m o le c u la r  w e ig h t  o f  p e n ta n e  
pG = m o la r  d e n s i t y  o f  gas  s t r e a m  
Yj = m ole f r a c t i o n  i s o p e n t a n e  in  p r o d u c t  
Yt *  = e q u i l i b r i u m  mole f r a c t i o n  o f  i s o p e n t a n e .
s *
The r e s u l t s  o f  t h e s e  e x p e r im e n ts  a r e  d i s c u s s e d  f o r  each  o f  t h e  c a t a ­
l y s t s  in  t h e  f o l lo w in g  p a r a g r a p h s .
F ig u r e  22 (page  87) shows an  A r r h e n iu s  ty p e  p l o t  o f  
t h e  r e s u l t s  f o r  t h e  9 /1  s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t .  The 
r a t e  c o n s t a n t s  a r e  g iv e n  in  T a b le  XV (p a g e  8 8 ) a lo n g  w i th  t h e  t e m p e ra ­
t u r e ,  t h e  r e c i p r o c a l  t e m p e r a t u r e ,  and t h e  % i s o - p e n t a n e  t o  t o t a l  p e n -  
t a n e s .  The r a t e  c o n s t a n t s  ra n g e  in  v a lu e  from 0 .0 1 6 1  t o  0 .2 7 2 3  cc /gm - 
se c  o v e r  a  t e m p e r a tu r e  r a n g e  o f  520 to  610PF. The % i s o - p e n ta n e  ra n g e d  
in  v a l u e  from  7 .22  to  5 2 .6 8 .
F ig u r e  23 (page  89) shows th e  r e s u l t s  o f  th e  
A r r h e n iu s  p l o t  f o r  th e  10 /1  s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t .
The v a l u e s  from  w hich  t h i s  p l o t  was made a r e  g iv e n  in  T a b le  XVI (p ag e  
90) a lo n g  w i th  th e  % i s o - p e n t a n e  t o  t o t a l  p e n t a n e s .  The te m p e r a tu r e
Run No. 27
0 .9 0  0 .9 5  1 .0  1 .0 5
1 0 0 0 /T em p era tu re ,  1 /°R
F ig u re  2 2 . A rrh en ius P lo t  fo r  N -Pentane H y d ro iso m eriza tio n  Over
9 /1  S i0a /A l203 Pd-H -M ordenite.
The E f f e c t  o f  T em p e ra tu re  on R e v e r s i b l e  F i r s t - O r d e r  
T a b le  XV. R a te  C o n s ta n t  f o r  N -P e n ta n e .  9 /1  S i0 3 /A l 2 03  
P d -H -M o rd e n ite .
O p e r a t in g  C o n d i t io n s
i •
Feed N -P en tan e
C a t a l y s t  Type P d -H -M o rd en ite
SiOg/AlgOa, mole r a t i o 9 /1
P r e s s u r e , p s i a 465
/P e n ta n e , mole r a t i o 3 .2 4
Space  V e l o c i t y ,  v / h r / v 8 .1 6
w /h r /w 1 0 .9 6
Run Ho. 271 •
Run R e s u l t s
I s o p e n t a n e ,
% o f  T o t a l
T e m p e ra tu re , 1 0 0 0 /T e m p e ra tu re , k , I s o  +  Normal
° F 1/°R c c /g m -se c P e n ta n e
520 1 . 0 2 1 0 .0 1 9 1 7 .22
520 1 . 0 2 1 0 .0 1 6 1 6 .1 5
540 1 . 0 0 0 0 .0 4 4 4 15.35
540 1 . 0 0 0 0 .0 3 4 9 12 .37
568 0 .9 7 3 0 .1 0 6 9 3 0 .8 4
568 0 .9 7 3 0 .1 0 1 5 2 9 .6 8
568 0 .9 7 3 0 .1 0 1 6 29 .72
610 0 .9 3 5 0 .2 7 1 7 5 2 .6 2
610 0 .9 3 5 0 .2 7 2 3 • 5 2 .6 8
550 0 .9 9 0 0 .0 5 9 8 19 .70
550 0 .9 9 0 0 .0 6 1 5 2 0 .17
531 1 .009 0 .0 3 1 2 11 .17
531 1 .009 0 .0 3 0 5 10.95
588 0 .9 5 5 0 .1 9 1 6 4 4 .0 8
588 0 .9 5 5 0 .1 9 3 9 4 4 .3 7
1D e t a i l e d Run D a ta  a r e  g iv e n  i n  A ppend ix  A.
Run N os. 1 , 31
0 .9 0  0 .9 5  1 .0  1 .05  1 .1 0
1 0 0 0 /T e m p e ra tu re ,  1 /°R
F ig u re  2 3 . A rrhenius P lo t  fo r  N -Pentane H y d ro iso m eriza tio n
Over 1 0 /1  S i0 a /A l203 P d-H -M ordenite.
The E f f e c t  o f  T e m p e ra tu re  on R e v e r s i b l e  F i r s t - O r d e r  
• T a b le  XVI. R a te  C o n s ta n t  f o r  N -P e n ta n e .  10 /1  S i0 2 /A l 2 03  
P d -H -M o rd en i te .
O p e ra t in g  C o n d i t io n s
Feed N -P en tane
C a t a l y s t  Type Pd-H -M orden ite
S i0 2 /A l 2 03  , m ole r a t i o 1 0 . 8 / 1
P r e s s u r e ,  p s i a 465
Wq /P e n ta n e , m ole  r a t i o 3 ,4  '
Space V e l o c i t y ,  v / h r / v 8 .16
w /h r /w 10 .27
Run No. • 1 ,  311
Run R e s u l t s
s
I s o p e n ta n e ,
% o f  T o t a l
T e m p e ra tu re , 1 0 0 0 /T e m p e ra tu re , k ,  I s o  +  Normal
°F 1 /°R c c /g m -se c  P e n ta n e
548 0 .9 9 2 0 .0 7 6 8  2 6 .06
548 0 .9 9 2 0 .0 8 1 2  2 7 .2 2
491 1 .0 5 2 0 .0 0 9 9  4 .3 2
491 1 .0 5 2 0 .0 0 9 8  4 .2 7
524 1 .0 1 7 0 .0 3 0 7  12 .09
559 0 .9 8 2 0 .1 2 1 9  3 7 .7 2
559 0 .9 8 2 0 .1 1 4 0  3 7 .6 8
545 0 .9 9 5 0 .0 9 6 3  3 4 .1 7
545 0 .9 9 5 0 .0 9 5 5  3 3 .4 5
491 1 .0 5 2 0 .0 1 2 5  7 .1 4  •
491 1 .0 5 2 0 .0 1 1 1  7 .07
548 0 .9 9 2 0 .0 9 2 3  3 1 .6 7
548 0 .9 9 2 0 .0 8 5 9  3 0 .39
581 0 .9 6 1 0 .2 2 9 9  5 3 .5 2
581 0 .9 6 1 0 .2 4 0 0  5 4 .1 2
524 1 .0 1 7 0 .0 4 0 1  18 .57
524 1 .0 1 7 0 .0 3 5 8  1 7 .08
1  D e t a i l e d Run D a ta  a r e  g iv e n i n  A ppendix  A.
was v a r i e d  be tw een  491 and 581°F and th e  r a t e  c o n s t a n t s  r a n g e d  i n  
v a l u e  from  0 .0 0 9 8  t o  0 .2 4 0 0  c c /g m -s e c .  I s o - p e n ta n e  v a l u e s  v a r i e d  from 
4 .2 1  t o  54.12%.
F ig u r e  24 (page  92) shows an  A r r h e n iu s  ty p e  p l o t  o f  
•the  r e s u l t s  f o r  th e  2 6 /1  s i l i c a / a l u m i n a  r a t i o  m o r d e n i t e  c a t a l y s t .  The 
v a l u e s  u sed  in  m aking t h i s  p l o t  a r e  g iv e n  in  T a b le  XVII (p a g e  9 3 ) .  
V a lu e s  o f  t h e  r a t e  c o n s t a n t s  ra n g e d  from 0 .0053  t o  0 .2 3 2 0  o v e r  t h e  
t e m p e r a t u r e  r a n g e  o f  500 t o  580°F . The % i s o - p e p t a n e  to  t o t a l  p e n ta n e s  
r a n g e d  from  2 .2 6  t o  4 8 .0 0 .  ‘
F ig u r e  25 (page  94) shows t h e  r e s u l t s  o f  an 
A r r h e n iu s  ty p e  p l o t  f o r  t h e  5 2 /1  s i l i c a / a l u m i n a  r a t i o  m o r d e n i t e  c a t a ­
l y s t .  The v a lu e s  .from w hich  t h i s  p l o t  was made a r e  g iv e n  i n  T a b le  
X V III  (p ag e  95) . V a lues  o f  t h e  r a t e  c o n s t a n t  ra n g e d  from  0 .0 0 6 3  to  
0 .1 0 5 2  c c /g m -se c  o v e r  t h e  te m p e r a tu r e  ra n g e  o f  572' t o  6 6 9 °F . The isom ­
e r i z a t i o n  c o n v e r s io n  was from  2 .6 2  to* 3 1 .4 6 .
T hese  f o u r  s e t s  o f  d a t a  f o r  n - p e n t a n e  i s o m e r i z a t i o n  
h av e  b een  a n a ly z e d  s i m i l a r l y  t o  t h a t  o f  th e  c y c lo h e x a n e  i s o m e r i z a t i o n .  
The 95% c o n f id e n c e  v a l u e s  f o r  th e  a c t i v a t i o n  e n e r g y ,  t h e  I n  k ,  and th e  
e q u a t i o n  c o n s ta n t -  ( I n  A) a r e  shown in  T a b le  XIX (p a g e  9 6 ) .  A summary 
o f - t h e  A r r h e n iu s  p l o t s  f o r  t h e s e  f o u r  c a t a l y s t s  i s  shown i n  F ig u r e  26 
(p a g e  9 7 ) .
\
The a c t i v a t i o n  e n e r g ie s  o f  t h e  9 / 1 ,  1 0 /1  and 5 2 /1
s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  c a t a l y s t s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r -  
* • . 
e n t  a t  t h e  95% c o n f id e n c e  l e v e l .  These  v a lu e s  r a n g e  from  3 5 .7  ±  2 .7
t o  3 8 .0  ±  2 .1  k c a l / m o l .  The v a lu e  o f  4 9 .4  ±  3 . 0  k c a l / m o l  f o r  t h e  2 6 /1
s i l i c a / a l u m i n a  r a t i o  m o rd e n i te  i s  d i f f e r e n t  a t  t h e  95% c o n f id e n c e
l e v e l .  The f o l l o w i n g  l i t e r a t u r e  v a lu e s  f o r  th e  a c t i v a t i o n  e n e rg y  have
Run No. 25







0 .0 0 1 5
1 .0 50 .9 50 .9 0
1 0 0 0 /T em p e ra tu re , 1/° R
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F ig u r e  2 4 . A rrh en ius P lo t  fo r  N-Pentane H y d ro iso m eriza tio n
Over 2 6 /1  SiOg/ALjOg Pd-H -M ordenite.
T a b le  XV II.
The E f f e c t  o f  T em p era tu re  on R e v e r s i b l e  F i r s t - O r d e r  
R a te  C o n s ta n t  f o r  N -P e n ta n e .  2 6 /1  S i0 2 /A l 2 03  
P d -H -M o rd e n i te .
O p e r a t in g  C o n d i t io n s
j
i
Feed N -P en tan e
I
C a t a l y s t  Type P d-H -M o rd en ite
S iO g/A lgCk, m ole r a t i o 2 5 .5 /1
P r e s s u r e ,  p s i a 465
/P e n t a n e ,  mole r a t i o 3 .2 0
Space  V e l o c i t y ,  v / h r / v 8 .1 6
w /h r /w 1 0 .4 9
Run No. 251 •
Run R e s u l t s .
I s o p e n t a n e ,
7o o f  T o t a l
T e m p e ra tu re , 1 0 0 0 /T em p e ra tu re , k ,  I s o  +  Normal
°F 1 /°R c c /g m -se c P e n ta n e
500 1 .0 4 2 0 .0053 2 .2 6
500 1 .0 4 2 0 .0 0 6 0 2 .5 5
527 1 .0 1 4 0 .0 2 2 8 8 .8 5
527 1 .0 1 4 0 .0 2 2 9 8 .8 9
565 0 .9 7 6 0 .1 2 8 3 3 6 .3 2
565 0 .9 7 6 0 .1 2 7 8 3 6 .2 2
554 0 .9 8 7 0 .0 9 5 8 2 9 .7 9
550 0 .9 9 0 0 .0 6 5 7 2 2 .1 6
550 0 .9 9 0 0 .0 7 6 6 2 5 .0 8
580 0 .9 6 2 0 .2 0 9 3 4 8 .0 0
580 0 .9 6 2 0 .2 3 2 0 5 0 .5 0
520 1 . 0 2 1 0 .0 2 2 6 8 .9 1
520 1 . 0 2 1 0 .0 2 0 3 8 .0 5
554 0 .9 8 7 0 .0867 2 7 .6 3
580 0 .9 6 2 0;2245 4 9 .7 1
1 D e t a i l e d  Run D a ta  a r e  g iv e n  i n  A ppendix  A.
Run No. 29
0 .8 5  0 .9 0  0 .9 5  1 .0
1 0 0 0 /T e m p e ra tu re ,  1 /°R
F ig u re  2 5 . A rrhenius P lo t  fo r  N -P entane H y d ro iso m eriza tio n
Over 5 2 /1  S i0 3 /A l203 P d-H -M ordenite.
T ab le  X V III.
The E f f e c t  o f  T e m p e ra tu re  on R e v e r s i b l e  F i r s t - O r d e r  
R a te  C o n s ta n t  f o r  N -P e n ta n e .  5 2 /1  SiOg/AlgOa 
P d -H -M o rd en ite .
O p e r a t in g  C o n d i t io n s  
Feed
C a t a l y s t  Type
S i0 2 /A l 2 03  , mole r a t i o
P r e s s u r e ,  p s i a
/ P e n ta n e ,  mole r a t i o
Space  V e l o c i t y ,  v / h r / v  
w /h r /w
Run No.
N -P en ta n e







Run R e s u l t s
T e m p e ra tu re , 1 0 0 0 /T e m p e ra tu re , 
1 /°R ____
K
c c /g m -se c
I s o p e n t a n e ,
% o f  T o t a l  
I s o  +  Normal 
P e n ta n e
572 0 .969 0 .0 0 6 3 2 .6 9
572 0 .969 0 .0 0 6 2 2 .6 2
602 0 .942 0 .0 1 8 2 7 .3 5
602 0 .942 0 .0 1 5 9 6 .4 7
634 0 .9 1 4 0 .0 4 7 2 1 7 .1 7
634 0 .9 1 4 0 .0 4 3 7 1 6 .08
669 0 . 8 8 6 0 . 1 0 2 2 3 0 .8 0
669 0 . 8 8 6 0 .1 0 5 2 3 1 .4 6
655 0 .8 9 7 0 .0 7 3 9 2 4 .2 3
655 0 .8 9 7 0 .0 6 3 7 2 1 .5 0
634 0 .9 1 4 0 .0 3 7 0 1 3 .74
634 0 .9 1 4 0 .0 3 9 4 1 4 .50
1 D e t a i l e d  Run D a ta  a r e  g iv e n  in  A ppend ix  A.
Summary o f  A r rh e n iu s  P l o t s  f o r  R e v e r s i b l e  F i r s t - O r d e r  
T a b le  XIX. R a te  C o n s ta n t  f o r  N -P en tane  H y d r o i s o m e r iz a t io n  Over 
M o rd e n i te .
In  k  = ( ~ )  -  +  In  A
I
 C a t a l y s t    ,E j  2 g , k c a l /m o l  In  A ±  2 g  2g  f o r  I n  k
P d -S i0 2 -H ( 9 /1 )  3 5 .6 8 5  ±  2 .705  29 .1 0 9  ± 2 . 4 0 7  ± 0 . 2 6 2
Pd-H (1 0 /1 )  3 8 .0 1 3  ± 2 .106  3 1 .7 0 8  ±  1 .9 1 7  ±  0 .2 3 3
P d -A l-d e f -H  (2 6 /1 )  4 9 .4 0 6  ±  3 .0 0 2  4 1 .6 4 1  ± 2 . 7 1 1  ± 0 . 2 8 1
P d -A l-d e f -H  (5 2 /1 )  3 6 .8 4 4  ±  1 .952  2 7 .3 0 8  ± 1 .6 2 8  ± 0 .1 7 1
0 .5 0
5





A l - d e f  (2 6 /1 )
|3=t=g|^ E|=£i^|^ P=|5?iS=|; 
0 .9 5 1.00 1 .0 50 .9 0
1 0 0 0 /T e m p e ra tu re ,  1 /°R
F ig u re  2 6 . Comparison o f  M ordenite C a ta ly s t  A c t iv i t y  fo r  Pentane
H ydro isom erization  from A rrh en iu s P l o t .
b e en  r e p o r t e d :
A c t i v a t i o n  E nergy  T e m p e ra tu re  Range
k c a l /m o l  ° F _______________ R e f e r e n c e
5 1 .5 ,  4 1 .6  700-800  (48)
2 9 .0  750 (24)
4 0 .0  600-900  (95)
3 0 .0  500 -650  (23)
I t  c a n  be s ee n  t h a t  a  v e r y  w ide  r a n g e  o f  v a l u e s  h av e  b e e n  r e p o r t e d .
The a v e r a g e  o f  t h e s e  v a lu e s  g e n e r a l l y  a g r e e s  w i t h  t h e  e x p e r im e n ta l  
v a l u e s  d e te rm in e d  i n  t h i s  s t u d y .  The r e a s o n  f o r  t h e  l a r g e  d i f f e r e n c e  
i n  a c t i v a t i o n  en e rg y  v a lu e s  b e tw een  t h e  2 6 /1  s i l i c a / a l u m i n a  r a t i o  c a t a ­
l y s t  and th e  o t h e r  m o rd e n i te  c a t a l y s t s  i s  n o t  known,
d .  The E f f e c t  o f  P r e s s u r e
The i n v e s t i g a t i o n s  d i s c u s s e d  th u s  f a r  have  b een  made a t  
c o n s t a n t  h y d ro g e n /h y d ro c a rb o n  m ole r a t i o  and a t  c o n s t a n t  t o t a l  p r e s s u r e .  
The need  f o r  i n f o r m a t io n  on t h e  e f f e c t  o f  p a r t i a l  p r e s s u r e s  o f  h yd rogen  
and h y d ro c a rb o n s  was n e c e s s a r y  t o  c o m p le te  t h e  v a r i a b l e  s tu d y  and model 
t h e  r e a c t i o n .  The r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  o f  t h e  e f f e c t  o f  
p r e s s u r e  on th e  r a t e  o f  r e a c t i o n  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  The 
d i s c u s s i o n  o f  th e  a p p l i c a t i o n  o f  t h i s  d a t a  w i l l  be  d e f e r r e d  u n t i l  t h e  
e x p e r im e n ts  showing th e  e f f e c t  o f  h y d ro g e n  and c y c lo h e x a n e  p a r t i a l  
p r e s s u r e  have  b een  p r e s e n t e d .
1* The E f f e c t  o f  V a ry in g  T o t a l  P r e s s u r e  a t  C o n s ta n t  
H ydrogen /C yclohexane  Mole R a t io  
P r e v io u s  i s o m e r i z a t i o n  r e a c t i o n  s t u d i e s  o v e r  z e o ­
l i t e  c a t a l y s t s  have  i n v e s t i g a t e d  t h e  e f f e c t  o f  p r e s s u r e  on th e  r e a c t i o n  
o f  n - p e n ta n e  (23) and n -h e x a n e  (13) . I n  t h e  p r e s e n t  s t u d y ,  t h e  e f f e c t
o f  t h e  t o t a l  p r e s s u r e  on th e  c y c lo h e x a n e  i s o m e r i z a t i o n  was i n v e s t i g a t e d  
i n i t i a l l y .  Each  o f  th e  fo u r  c a t a l y s t s  was e v a l u a t e d  a t  t h r e e  te m p e ra ­
t u r e  l e v e l s .  The t o t a l  p r e s s u r e  was n o r m a l ly  v a r i e d  o v e r  a  ra n g e  o f  
390 to  650 p s i a .  The h y d ro g e n /c y c lo h e x a n e  m ole  r a t i o  was h e ld  c o n s t a n t  
a t  ab o u t  1 0 / 1 .
t  i
The d a t a  from e a c h  o f  t h e  s e t s  o f  e x p e r im e n ts  show 
t h a t  th e  s i m p l i f i e d  r a t e  c o n s t a n t  d e c r e a s e s  a s  t h e  t o t a l  p r e s s u r e  i s
i n c r e a s e d .  ,
T here  a r e  tw e lv e  s e t s  o f  d a t a ,  i . e . ,  t h r e e  te m p e r ­
a t u r e  l e v e l s  w i th  f o u r  c a t a l y s t s .  The t a b u l a r  p r e s e n t a t i o n  o f  t h e  d a t a  
i s  shown i n  t h r e e  t a b l e s  f o r  e ach  c a t a l y s t  (o n e  a t  e ach  l e v e l  o f  tem ­
p e r a t u r e )  . T hese  t a b l e s  g iv e  t h e  r u n  num ber, t h e  r a t e  c o n s t a n t ,  t h e  
p a r t i a l  p r e s s u r e s  and th e  t o t a l  p r e s s u r e .  I n  t h e  d i s c u s s i o n s  t h a t  
f o l l o w  th e  te rm  " p a r t i a l  p r e s s u r e  o f  c y c lo h e x a n e  p l u s  m e th y lc y c lo p e n -  
t a n e "  w i l l  b e  used  many t im e s .  To s i m p l i f y  t h e  w r i t t e n  d i s c u s s i o n ,  
th e  e x p r e s s i o n  "h y d ro ca rb o n "  w i l l  b e  u sed  synonym ously  w i th  th e  e x p r e s ­
s i o n  " c y c lo h e x a n e  p l u s  m e th y lc y c lo p e n ta n e ."  The t o t a l  e x p r e s s io n  w i l l  
b e  used  in  t h e  f i g u r e s  and t a b l e s .  The g r a p h i c a l  p r e s e n t a t i o n  o f  th e  
d a t a  i s  shown i n  one f i g u r e  f o r  e a c h  c a t a l y s t .  The f i g u r e  shows a
p l o t  o f  t h e  r a t e  c o n s t a n t  a s  a  f u n c t i o n  o f  t h e  p a r t i a l  p r e s s u r e  o f  th e
h y d ro c a rb o n s .  A s i m i l a r  p l o t  w ould b e  o b ta in e d  i f  e i t h e r  t o t a l  p r e s ­
s u r e  o r  h yd rogen  p a r t i a l  p r e s s u r e  w e re  u sed  s i n c e  th e  h y d r o g e n /c y c lo ­
hexane  m ole r a t i o  was h e ld  c o n s t a n t .  The f o l l o w in g  g iv e s  t h e  t a b l e  
and f i g u r e  numbers w here  th e  d a t a  a r e  i l l u s t r a t e d  f o r  each  c a t a l y s t .
o r d e n i t e  C a t a l y s t , T e m p e ra tu re , T a b le No. F ig u r e  No.
S iO o/A kO , ° F .  -(Page n o .) (page  n o . )
9 /1 482 XX ( 1 0 1 )
512 XXI ( 1 0 2 ) 27 (104)
538 XXII (103)
1 0 / 1 460 X X III (105)
480 XXIV (106) 25 (108)
499 XXV (107)
2 6 /1 427 XXVI (109)
r 455 XXVII ( 1 1 0 ) 29 (112)
475 XXVIII ( 1 1 1 )
5 2 /1 600 XXIX (113)
625 XXX (114) 30 (116)
651 XXXI (115)
V a lues  o f  t h e  r e c i p r o c a l  o f  th e  s i m p l i f i e d  r a t e  
c o n s t a n t  and th e  r e c i p r o c a l  o f  th e  s q u a r e  r o o t  o f  t h e  s i m p l i f i e d  r a t e  
c o n s t a n t  a r e  a l s o  p r e s e n t e d  i n . t h e s e  t a b l e s .  T hese  v a l u e s  have b een  
u sed  in  c a l c u l a t i n g  th e  c o n s t a n t s  i n  t h e  m o d e l in g  o f  th e  r e a c t i o n  w hich 
w i l l  be  d i s c u s s e d  l a t e r .
2 .  The E f f e c t  o f  V a ry in g  C yclohexane  and Hydrogen 
P a r t i a l  P r e s s u r e  I n d e p e n d e n t ly  
The e x p e r im e n ts  d i s c u s s e d  i n  t h i s  s e c t i o n  w ere  made 
t o  d e te r m in e  th e  s e p a r a t e  e f f e c t s  o f  t h e  p a r t i a l  p r e s s u r e s .  To show 
th e  s e p a r a t e  e f f e c t s ,  t h e  p a r t i a l  p r e s s u r e  o f  one o f '  t h e  com ponents was 
h e ld  c o n s t a n t  w h i le  t h e  o t h e r  was c h an g e d .  The c o n t a c t  t im e  was h e ld  
a p p ro x im a te ly  c o n s t a n t  i n  e ach  c a s e  by h o ld in g  th e  r a t i o  o f  th e  h y d ro ­
c a rb o n  p a r t i c l e  p r e s s u r e  to  th e  fe e d  r a t e  (w /h r /w ) c o n s t a n t .
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XX. P r e s s u r e  on th e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  Hydro- 
i s o m e r i z a t i o n  Over 9 /1  S i0 2 /A l 2 03  P d -H -M orden ite  a t  
482° F .
■ O p e ra t in g  C o n d i t io n s
•
Feed C yclohexane
C a t a l y s t  Type Pd-H -M orden ite
SiOg/ALgOs, mole r a t i o 9 /1
Space V e l o c i t y ,  v / v / h r 2 .7 3
T e m p e ra tu re ,  °F 482
Mole R a t i o ,  Ha/CyCg 9 .8
Run R e s u l t s
s
•
P a r t i a l  P r e s s u r e , T o t a l
k , p s i a P r e s s u r e ,
Run No. c c /g m -se c 1 / k l / / k CyCR MCP p s i a
18A 0 .0 6 1 8 16 .2 4 .0 2 3 2 .7  1 0 .3  422 465
18A 0 .0582 17 .2 4 .1 5 3 3 .2  9 .8  422 465
18B 0 .0 4 0 0 2 5 .0 5 .0 0 4 1 .8  1 0 .2  512 565
18B 0 .0 3 8 9 2 5 .7 5 .0 7 4 2 .1  9 .9  512 565
18C 0 .0 3 0 8 3 2 .5 5 .7 0 5 1 .6  1 1 .4  602 665
18C 0 .0 3 0 5 3 2 .8 5 .7 2 5 1 .7  1 1 .3  602 665
18D 0 .0 6 0 9 16 .4 4 .0 5 3 2 .6  1 0 .4  421 465
18E 0 .0 7 7 0 1 3 .0 3 .6 0 2 7 .8  9 .2  353 390
18E 0 .0 7 1 4 1 4 .0 3 .7 4 2 8 .3  8 .7  353 390
D e t a i l e d  Run D a ta  a r e  g iv e n  i n  A ppend ix  A.
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXI. P r e s s u r e  on t h e  S im p l i f i e d  R a te  C o n s ta n t  f o r  Hydro 
i s o m e r i z a t i o n  Over 9 /1  Si0 2 /A la 03  P d -H -M o rd en ite  a t  
512° F .
O p e ra t in g  C o n d i t io n s  
Feed
C a t a l y s t  Type
SiO g/A lgCh, m ole  r a t i o  • 
Space V e l o c i t y ,  v / v / h r  
T e m p e ra tu re ,  ° F  







Run R e s u l t s
Run No.
k ,
c c /g m -se c 1 / k
19A 0 .1749 5 .7 2
19A 0 .1 7 6 8 5 .6 6
19B 0.1323 7 .5 5
19C 0.1 0 7 2 9 .3 1
19C 0 . 1 0 2 1 9 .8 0
19D 0 .2129 4 .7 0
P a r t i a l  P r e s s u r e ,  T o t a l
l / / k CyC,-
p s i a
MCP S a _
P r e s s u r e ,
p s i a
2 .39 2 2 .4 2 1 . 6 421 465
2 .3 8 2 2 . 2 2 1 . 8 421 465
2 .7 5 2 8 .2 2 4 .8 511 565
3 .0 5 3 4 .3 2 8 .7 602 665
3 .1 3 3 5 .4 2 7 .6 602 665
2 .17 1 8 .6 1 8 .4 353 390
D e t a i l e d  Run D a ta  a r e  g iv e n  i n  A ppendix  A.
The E f f e c t  o f  C yc lo h ex an e  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  X X II. P r e s s u r e  on th e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  Hydro­
i s o m e r i z a t i o n  Over 9 /1  S i0 2 /A lg0 3  P d -H -M o rd en ite  a t  
538PF.





C a t a l y s t  Type Pd-H ±M ordenite
S i0 2 /Alg03 , m ole r a t i o 9 /1 r
• Space  V e l o c i t y ,  v / v / h r 2 .7 3
T e m p e ra tu re ,  ° F 538
Mole R a t i o ,  Ha/CyCg 9 .8
Run R e s u l t s
• P a r t i a l  P r e s s u r e , T o t a l
p s i a P r e s s u r e ,
Run No. c c /g m -se c  1 /k  l / / k CyCfi MCP H, p s i a
. 20A 0 .2 7 9 1  3 .5 8  1 .89 1 6 .9  2 6 .1  422 465
20A 0 .2 7 4 2  3 .6 4  1 .9 1 1 7 .2  2 5 .8  422 465
20B 0 .2 7 2 5  3 .6 7  1 .9 2 1 8 .2  3 3 .8  512 565
20B 0 .2 2 4 3  4 .4 5  2 .1 1 2 0 . 6  3 1 .4  512 565
20C 0 .2 6 3 6  3 .7 9  1 .9 5 2 0 .0  4 2 .0  603 665
20C 0 .2 5 3 8  3 .8 7  1 .9 7 2 1 .0  4 1 .0  603 665
20D 0.3 7 8 9  2 .6 4  1 .6 2 1 3 .1  2.2.9 354 390
20D 0.3645  2 .7 4  1 . 6 6 1 3 .4  2 2 .6  354 390
20E 0 .3 1 1 8  3 .2 1  1 .79 1 5 .9  2 7 .1  422 465
20E 0 .3 2 1 4  3 .1 1  1 .7 6 1 5 .5  2 7 .5  422 465
D e ta ile d  Run Data a re  g iv e n  in  Appendix A.
O  538?F 
©  512° F 















Cyclohexane +  M e th y lc y c lo p e n ta n e  P a r t i a l  P r e s s u r e ,  p s i a
The E f fe c t  o f  C yclohexane + M eth y lcy c lo p en ta n e  P a r t ia l
F ig u re  2 7 . P ressu re  on th e  S im p lif ie d  R ate C on stan t fo r  Hydro-
iso m e r iz a tio n  Over 9 /1  S i02 / AlgOg Pd-H -M ordenite.
T a b le
The E f f e c t  o f  C y c lo h ex an e  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
X X III .  P r e s s u r e  on th e  S i m p l i f i e d  R ate  C o n s ta n t  f o r  Hydro­
i s o m e r i z a t i o n  Over 10 /1  SiOa/ALjOg P d-H -M o rd en ite  a t  
460PF.
1
O p e r a t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type P d-H -M o rd en ite
1
S iOg /A lg Og , mole r a t i o  . 1 0 . 8 / 1
Space V e l i c i t y , v / h r / v 2 .7 3
w /h r /w 4 .0 8
T em p e ra tu re ,  ° F 460
Run R e s u l t s
P a r t i a l  P r e s s u r e s , T o t a l
Run k , p s i a  . _ P r e s s u r e ,
No. cc /g m -sec 1 / k l / / k Ha CyCR + MCP p s i a
34D 0 .0375 2 6 .7 3 5 .1 7 420 45 465
34D 0.0379 2 6 .4 2 5 .1 4 420 45 465
34E 0 . 0 2 2 1 3 9 .6 9 6 .4 5 600 65 665
34E 0.0252 4 1 .6 0 6 .3 0 600 65 665
34F 0 .0294 3 4 .1 1 5 .8 4 511 53 565
34F 0 .0297 3 3 .6 4 5 .8 0 511 53 565
34G 0.0465 2 1 .5 3 4 .6 4 353 37 390
34H 0 .0375 2 6 .7 3 5 .1 7 420 45 465
36A 0.0245 4 1 .2 2 6 .4 2 602 63 665
36A 0.0243 4 0 .8 3 6 .3 9 602 63 665
36B 0.0759 1 2 .7 8 3 .6 3 257 28 285
36B 0.0723 1 3 .4 7 3 .7 2 257 28 285
D e ta i l e d  Run D a ta  a r e  g iv e n
i
i n  A ppendix  A.
.
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXIV. P r e s s u r e  on th e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  Hydro­
i s o m e r i z a t i o n  Over 1 0 /1  SiOg/Al^Oa P d -H -M o rd en ite  a t  
480PF.
O p e r a t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type P d-H -M orden ite
S i0 2 /A l 2 03  , mole r a t i o 1 0 *. 8 / 1
Space  V e l o c i t y ,  v / h r / v 2 .7 3
w /h r /w 4 .0 7
T e m p e ra tu re ,  °F 480
Run No.. 4 1
k ,
;c /g m -s e c 1 / k l / / k
P a r t i a l
Hp.
P r e s s u r e s ,  p s i a  
C yclohexane  
+ MCP
T o t a l
P r e s s u r e ,
p s i a
0 .0 6 7 8 14 .75 3 .8 4 604 61 665
0 .0 8 5 4 11 .71 3 .4 2 513 52 565
0 .0 9 0 0 1 1 . 1 1 3 .3 3 467 47 515
0 .1 2 2 3 8 .1 7 2 . 8 6 377 38 415
0 .1 3 7 0 7 .3 0 2 .7 0 331 34 365
0 .1 5 5 0 6 .4 5 2 .5 4 286 29 315
1 D e ta ile d  Run Data are  g iv e n  in  A ppendix A.
The E f f e c t  o f  C yc lo h ex an e  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXV. P r e s s u r e  on t h e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  H ydro­
i s o m e r i z a t i o n  Over 1 0 /1  SiOg/Al^Oa P d -H -M o rd en ite  a t  
4 9 9 °  p .
O p e r a t in g  C o n d i t io n s
Feed
C a t a l y s t  Type
SiOg/AlgOa, m ole  r a t i o
Space  V e l o c i t y ,  v / h r / v -  
w /h r /w
T e m p e ra tu re ,  ° F




c c /g m -se c 1 / k l / / k
33A 0 .1715 5 .8 1 2 .4 1
35A 0 .1 0 8 8 9 .1 8 3 .0 3
35B 0 .1 3 2 0 7 .5 6 2 .7 5
35B 0 .1 3 4 0 7 .4 5 2 .7 3
35C 0 .1 9 0 1 5 .2 4 2 .2 9
35C 0.1903 5 .2 4 2 .2 9
C yclohexane





P a r t i a l  P r e s s u r e s ,  T o t a l
________ p s i a __________  P r e s s u r e ,







D e ta ile d  Run D ata are  g iv e n  in  Appendix A.
Run N os. 4 ,  33 , 3 4 ,  35 , 36
O 4 9 9 °F 
©  480° F 










C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  P r e s s u r e ,  p s i a
The E f fe c t  o f  C yclohexane +  M eth y lcy clo p en ta n e  P a r t ia l
F igu re  2 8 . P ressu re  on th e  S im p lif ie d  R ate C onstant fo r  Hydro­
iso m e r iz a tio n  Over 1 0 /1  SiOja/Al^Og Pd-H -M ordenite.
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXVI. P r e s s u r e  on th e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  Hydro­
i s o m e r i z a t i o n  Over 26 /1  S i0 2 /A lg03  P d -H -M o rd en ite  a t  
4 2 7 °F .
O p e ra t in g  C o n d i t io n s
Feed C yclohexane
C a t a l y s t  Type P d -H -M o rd en ite
S iO g/A lgO a, mole r a t i o ^ 5 .5 / 1
Space V e l o c i t y ,  v / v / h r 2 .7 3
T e m p e ra tu re ,  °F 427
Mole R a t i o ,  H^/CyCg 9 .6
r
Run R e s u l t s
P a r t i a l  P r e s s u r e , T o t a l
k , p s i a P r e s s u r e ,
Run No. c c /g m -se c 1 / k l / / k CyCg MCP p s i a
14A 0 .0 2 5 8 8 3 8 .6 6 . 2 2 3 8 .5  5 .5 421 465
14B 0 .0 1 7 9 5 5 5 .7 7 .46 4 7 .3  5 .7 512 565
14B 0 .0 1 7 0 4 5 8 .6 7 .6 6 4 7 .6  5 .4 512 565
14C 0 .0 1 3 3 8 7 4 .8 8 .6 4 5 7 .0  6 .0 602 665
14C 0 .0 1 3 6 8 73 .2 8 .5 5 5 6 .9  6 .1 602 665
14D 0 .0 2 7 8 0 3 6 .0 6 . 0 0 3 2 .8  4 . 2 353 390
14D 0 .02839 3 5 .2 5 .9 4 3 2 .7  4 . 3 353 390
D e t a i l e d  Run
i
D ata  a r e g iv e n  i n  A p pend ix  A.
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  
T a b le  XXVII. P a r t i a l  P r e s s u r e  on th e  S i m p l i f i e d  R a te  C o n s ta n t  
f o r  H y d r o is o m e r iz a t io n  Over 2 6 /1  S i0 3 /A l 2 03  
P d-H -M orden ite  a t  455°F .
O p e r a t in g  C o n d i t io n s  
Feed
C a t a l y s t  Type
SiO g/A lgO s, mole r a t i o  
Space V e l o c i t y ,  v / v / h r  
T e m p e ra tu re ,  °F  
Mole R a t i o ,  Ha/CyCg
C yclohexane
P d -J l-M o rd en ite




Run R e s u l t s
P a r t i a l  P r e s s u r e ,  T o t a l
Run No. c c /g m -se c 1 / k l / / k CyC6 MCP i k _  . p s i a
15A 0.04732 2 1 . 1 4 .6 0 3 4 .9 9 .1 421 465
15A 0.04840 2 0 .7 4 .5 5 3 4 .7 9 .3 421 465
15B 0 .03277 3 0 .5 5 .5 2 4 3 .5 9 .5 512 565
15C 0.02732 3 6 .6 6 .0 5 5 1 .1 1 0 .9 602 665
D e t a i l e d  Run D a ta  a r e  g iv e n  in  A ppend ix  A.
The E f f e c t  o f  C y c lo h ex an e  +  M e th y lc y c lo p e n ta n e  
T a b le  X XVIII. P a r t i a l  P r e s s u r e  on t h e  S i m p l i f i e d  R a te  C o n s ta n t  
f o r  H y d ro is o m e r iz a t io n  Over 2 6 /1  SiOg/AlgOg 
P d-H -M orden ite  a t  4 7 5 °F .
O perating  C on d ition s  
Feed
C a ta ly s t  Type
SiOg/AlgOs, mole r a t i o  
Space V e lo c i t y ,  v /v /h r  
Temperature, °F  








Run R e s u l t s
P a r t i a l  P r e s s u r e , T o ta l
k , • p s i a ■ ■ P r e ssu r e
in No. cc /g m -sec 1 /k l / / k CyCfi MCP S l- '. p s ia
12B 0 .0812 1 2 .3 3 .5 1 3 3 .8 1 9 .2 511 565
12C 0 .0575 17 .29 4 .1 7 4 3 .1 1 9 .9 602 665
12D 0 .0 7 8 8 1 2 .6 8 3 .5 6 3 3 .2 1 8 .8 511 565
12E 0 .1166 8 .5 8 2 .9 3 2 5 .2 1 7 .8 421 465
12E 0 .1173 8 .5 2 2 .9 2 2 5 .1 1 7 .9 421 465
12F 0 .1677 5 .9 7 2 .4 4 2 0 .2 1 6 .8 353 390
12F 0 .1613 6 .2 0 2 .4 9 2 0 .6 1 6 .4 353 390
D e ta ile d  Run D ata a r e  g iv e n  in  Appendix A.
Run N o s . 1 2 , 14 , 15















2 0  40 /. 60 80
C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  P r e s s u r e ,  p s i a
The E f f e c t  o f  C yclohexane + M eth y lcy c lo p en ta n e  P a r t ia l
F ig u r e  2 9 . P ressu re  on the S im p lif ie d  R ate C o n sta n t fo r  Hydro­
iso m e r iz a t io n  Over 2 6 /1  S i02 /AlgOg . Pd-H -M ordenite.
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXIX. P r e s s u r e  on t h e  S im p l i f i e d  R a te  C o n s ta n t  f o r  Hydro­
i s o m e r i z a t i o n  Over 52 /1  S i0 2 /A l 2 03  P d -H -M orden ite  a t  
600PF.
O p e r a t in g  C o n d i t io n s  
Feed
C a t a l y s t  Type
S i0 2 /A l 2 03  , mole r a t i o  
Space V e lo c i ty ,  v / v / h r  
T e m p e ra tu re ,  °F  
H g/C yclohexane, mole r a t i o
C y c lo h ex an e  
P d -H -M o rd en ite  
5i . 1/1 
2 .7 3  
600 
9 .6
Run R e s u l t s
k ,
Run No. cc /g m -sec 1 / k
5B 0.0734 1 3 .6 2
5B 0.0755 1 3 .2 4
6 A 0.0911 1 0 .9 8
6 A 0.0895 1 1 .16
6 B 0.0599 1 6 .6 6
6 B 0.0605 1 6 .5 2
6 C 0.0478 2 0 .9 0
6 C 0.0482 2 0 .7 0
P a r t i a l  P r e s s u r e ,  T o t a l
l y / k
p s i a P r e s s u r e ,
p s i aCyCR MCP *k_
3 .69 3 1 .9 1 2 . 1 421 465
3 .6 4 3 1 .6 1 2 .4 421 . 465
3 .3 1 2 6 .6 1 0 .4 353 390
3 .3 4 2 6 .7 1 0 .3 353 390
4 .0 9 3 8 .6 1 4 .4 512 565
4 .0 7 3 8 .7 14 .3 512 565
4 .5 7 4 7 .0 1 6 .0 602 665
4 .5 6 4 6 .8 1 6 .2 602 665
D e ta i l e d  Run D a ta  a r e  g iv e n  i n  A ppend ix  A.
The E f f e c t  o f  C yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXX. P r e s s u r e  on th e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  H ydro­
i s o m e r i z a t i o n  Over 5 2 /1  SiO-g/A^Og P d -H -M o rd en ite  a t  
625° F .
O p e r a t in g  C o n d i t io n s  
Feed
C a t a l y s t  Type
S i0 2 /A l 2 03  , m ole r a t i o  ’ 
Space V e l o c i t y ,  v / v / h r  
T e m p e ra tu re ,  °F
Run R e s u l t s
k >
Run No. c c /g m -se c  1 /k  l / / k
8 A 0.1297 7 .72 2 .7 8
8 A 0.1296 7 .72 2 .7 8
8 B 0.1 0 3 4 9 .6 8 3 .1 1
8 B 0.0 9 6 8 10.31 3 .2 1
8 C 0 .0 8 8 8 11 .25 3 .3 6
8 D 0.1663 6 . 0 0 2 .4 5
C yclohexane
Pd-H-JM ordenite
5 2 .1 /1
2 .7 3
625
P a r t i a l  P r e s s u r e ,  T o t a l  
_______ p s i a __________ P r e s s u r e ,
9 i £ b MCP p s i a
2 1 .9 1 8 .1 421 465
2 1 .7 1 8 .3 421 465
3 1 .2 2 1 . 8 512 565
3 2 .5 2 0 .5 512 565
3 7 .2 2 5 .8 602 665
2 0 . 8 1 6 .2 353 390
D e t a i l e d  Run D a ta  a r e  g iv e n  i n  A ppend ix  A.
The E f f e c t  o f  C yclohexane  + M e th y lc y c lo p e n ta n e  P a r t i a l  
T a b le  XXXI. P r e s s u r e  on t h e  S i m p l i f i e d  R a te  C o n s ta n t  f o r  H ydro­
i s o m e r i z a t i o n  Over 52 /1  SiOg/Al^Oa P d -H -M o rd en ite  a t  
651° F .
O p e r a t in g  C o n d it io n s '
Feed
C a t a l y s t  Type
SiO g/A lgQ s, mole r a t i o  
Space V e l o c i t y ,  v / v / h r  
T e m p e ra tu re ,  °F  
Mole R a t i o ,  Ha/CyC6
C yclohexane  
P d -H -M o rd en iteI




Run R e s u l t s
P a r t i a l  P r e s s u r e , T o t a l
k > . p s i a P r e s s u r e »
n No. c c /g m -se c 1/k 1 / A CyCR MCP p s i a
9A 0 .2 2 8 6 3 .4 9 2 .09 1 8 .4 2 4 .6 421 465
9B 0.1882 5 .3 1 2 .3 1 22.8 3 0 .2 512 565
9B 0.1903 5 .2 5 2 .2 9 2 2 .7 3 0 .3 512 565
9C 0 .1 6 1 8 6 .1 8 2 .4 9 2 6 .4 3 5 .6 603 665
9D 0 .2 6 3 5 3 .7 9 1 .95 15.9 20.1 353 390
9D 0.2677 3 .7 4 1 .93 15 .6 2 0 .4 353 390
D e t a i l e d  Run D a ta  a r e  g iv e n  in  A ppendix  A,
Run Nos. 5 ,  6 , 8 , 9
©  651° F











, p s i aC yclohexane  +  M e th y lc y c lo p e n ta n e  P a r t i a l  P r e s s u r e
The E f fe c t  o f  C yclohexane +  M eth y lcy c lo p en ta n e  P a r t ia l
F ig u re  3 0 . P ressu re  on th e S im p lif ie d  R ate C onstant fo r  Hydro­
iso m e r iz a t io n  Over 5 2 /1  SiOa'/AlgOg Pd-H -M ordenite.
E i g h t  co m p ar iso n s  o f  t h e  d a t a  h a v e  b e en  made under  
th e  d e s c r i b e d  c o n d i t i o n s .  The c o m p ar iso n s  a r e  shown i n  t h r e e  t a b l e s .  
The f o l lo w in g  shows th e  c a t a l y s t  and c o n d i t i o n s  f o r  w h ich  t h e  co m p ar i-
w ere  made and th e  l o c a t i o n o f  t h e  t a b u l a t e d d a t a .
P d -H -M o rd en ite  C a t a l y s t T e m p e ra tu re , T a b le Page
S i0 o /AL,0.., , Mole R a t io ° F No. No.
9 /1 482 XXXII 118
512 XXXII 118
• 538 XXXII 118
1 0 / 1 460 XXXIII 119
480 XXXIII 119
499 XXXIII 119
2 6 /1 475 " XXXIV 1 2 1
5 2 /1 651 XXXIV 1 2 1
T h ese  t a b l e s  g iv e  th e  p a r t i a l  p r e s s u r e s  o f  h y d ro g en  and h y d ro c a rb o n s ,  
t h e  r a t e  c o n s t a n t  and th e  r a t i o  o f  t h e  h y d ro c a rb o n  p a r t i a l  p r e s s u r e  to  
t h e  f e e d  r a t e .  A ls o  shown, i n  th e  t a b l e  i s  th e  t o t a l  p r e s s u r e ,  fe e d  
r a t e  and h y d ro g e n /c y c lo h e x a n e  mole r a t i o .
The d a t a  in  T a b le  XXXII a r e  f o r  t h e  9 / 1  s i l i c a /  
a lu m in a  r a t i o  c a t a l y s t .  C om parisons w e re  made a t  t h r e e  te m p e r a t u r e s  o f  
4 8 2 ,  512 and 53fiPF. The d a t a  show t h a t  b o th  p a r t i a l  p r e s s u r e s  a f f e c t  
th e  r a t e .  The r a t e  d e c r e a s e s  as  e i t h e r  o f  t h e  p a r t i a l  p r e s s u r e s  i n ­
c r e a s e .  I t  i s  a l s o  n o te d  t h a t  t h e  e f f e c t  o f  b o th  p a r t i a l  p r e s s u r e s  on 
th e  r a t e  d im in i s h e s  a s  t h e  t e m p e r a tu r e  i s  i n c r e a s e d .
The d a t a  f o r  th e  1 0 /1  s i l i c a / a l u m i n a  m ole  r a t i o  
c a t a l y s t  a r e  shown in  T a b le  XXXIII. C om parisons  w e re  made a t  4 6 0 ,  480
The E f f e c t  o f  I n d i v i d u a l  P a r t i a l  P r e s s u r e s  on t h e  
T a b le  XXXII. R a te  o f  R e a c t io n  o f  C yclohexane O ver 9 /1  S i0 2 /A l 2 03  
P d -H -M o rd en i te .
T e m p e ra tu re ,  ° F  = 482
T o t a l  P r e s s u r e ,  p s i a 485 665 465
H ydrocarbon  P a r t i a l  P r e s s u r e ,  p s i a 6 8 45 43
Hydrogen P a r t i a l  P r e s s u r e ,  p s i a 417 620 422
Feed R a te ,  w /h r /w 6 .2 7 4 .1 9 4 .4 3
H g/C y c lo h ex an e ,  Mole R a t io 6 .1 8 * 1 3 .6 8 9 .6 3
H ydrocarbon P a r t i a l  P r e s s u r e / ( w /h r /w ) 10.82 1 0 .7 0 9 .7 2
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .0330 0 .0 3 7 9 0 .0 6 1 8
1 / k 3 0 .2 5 2 6 .4 2 1 6 .2
l / / k 5 .5 0 5 .1 4 4 .0 2
T e m p e ra tu re ,  ° F  = 512
T o t a l  P r e s s u r e ,  p s i a 665 465
H ydrocarbon  P a r t i a l  P r e s s u r e ,  p s i a 45 44
Hydrogen P a r t i a l  P r e s s u r e ,  p s i a 620 421
Feed R a te ,  w /h r /w - 4 .1 9 4 .4 3
H j/C y c lo h e x a n e ,  Mole R a t io 1 3 .7 1 9 .6 2
H ydrocarbon  P a r t i a l  P r e s s u r e / ( w /h r /w ) 1 0 .7 0 9 .9 5
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .1 3 3 8 0 .1 7 6 8
1 / k 7 .1 8 5 .7 2
l / / k 2 . 6 8 2 .3 9
T e m p e ra tu re ,  ° F  = 538
T o t a l  P r e s s u r e ,  p s i a 485 665 465
H ydrocarbon  P a r t i a l  P r e s s u r e ,  p s i a 6 6 43 43
Hydrogen P a r t i a l  P r e s s u r e ,  p s i a 419 622 422
Feed R a te ,  w /h r /w 6 .2 7 4 .1 9 4 .4 3
hg / C y c lo h e x a n e , Mole R a t io 6 .3 7 1 4 .4 5 9 .7 7
H ydrocarbon  P a r t i a l  P r e s s u r e / ( w /h r /w ) 10.82 1 0 .4 9 9 .7 2
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .3051 0 .3 2 7 5 0 .3 2 1 4
1 / k 3 .2 8 3 ,0 6 3 .1 1
l / / k 1 .8 1 1 .7 5 1 .7 6
The E f f e c t  o f  I n d i v i d u a l  P a r t i a l  P r e s s u r e s  on th e  
T a b le  XXXIII. R a te  o f  R e a c t io n  o f  C yclohexane Over 1 0 /1  S i0 3 /A l 2 03  
P d -H -M orden ite .
T e m p e ra tu re ,  ° F  = 460
T o t a l  P r e s s u r e ,  p s i a 465 485 665 685
H y drocarbon  P a r t i a l  P r e s s u r e ,  p s i a 45 65 45 67
Hydrogen P a r t i a l  P r e s s u r e ,  p s i a 420 420 620 618
Feed R a t e ,  w /h r /w 3 .9 0 5 .8 3 3 .9 0 5 .8 3
H g /C y c lo h ex an e ,  m ole r a t i o 9 .4 0 6 .4 5 13 .74 9 .1 4
H ydrocarbon  P a r t i a l  P r e s s u r e / ( w /h r /w ) 8 . 6 6 8 .9 5 8 . 6 6 8 .7 0
R a te  C o n s ta n t  k ,  c c /g m -sec 0 .0375 0 .0 2 4 4 0 .0 2 7 2 0 .0 1 8 4
1 / k 26 .73 4 1 .0 9 3 6 .8 5 5 4 .4 6
l / / k 5 .17 6 .4 1 6 .0 7 7 .3 8
T e m p e ra tu re ,  °F  = 480
T o t a l  P r e s s u r e ,  p s i a 485 665 465
H y drocarbon  P a r t i a l  P r e s s u r e ,  p s i a 6 8 46 45
Hydrogen P a r t i a l  P r e s s u r e ,  p s i a 417 619 420
Feed  R a t e ,  w /h r /w 5 .8 3 3 .9 0 3 .9 0
H j/C y c lo h e x a n e ,  mole r a t i o 6 .1 6 1 3 .59 9 .4 4
iH y d ro ca rb o n  P a r t i a l  P r e s s u r e 1 1 . 6 6 1 1 .79 11 .54
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .0 6 7 6 0 .0 8 5 8 0 .0 9 8 0
1 / k 14 .75 11 .63 1 0 .1 8
l / / k 3 .8 4 3 .4 1 3 .1 9
T e m p e ra tu re ,  °F  *= 499
I T o t a l  P r e s s u r e ,  p s i a 665 485 465
H y d ro carb o n  P a r t i a l  P r e s s u r e ,  p s i a 45 6 6 45
Hydrogen P a r t i a l  P r e s s u r e ,  p s i a 620 419 420
Feed R a t e ,  w /h r /w 3 .9 0 5 .8 3 4 .0 8
H g /C y c lo h ex an e , m ole  r a t i o *13.77 6 .3 2 9 .3 5
H ydrocarbon  P a r t i a l  P r e s s u r e / ( w /h r /w ) 1 1 .5 1 1 1 .3 1 1 1 . 0 0
R a te  C o n s ta n t  k ,  c c /g m -sec 0 .1 6 1 0 0 .1 3 4 2 0 .1 7 1 5
1 / k 6 . 2 0 7 .4 5 5 .8 1
l / / k 2 .4 9 2 .7 3 2 .4 1
and 499°F .  T hese  d a t a  show th e  same t r e n d s  a s  was o b se rv e d  f o r  th e  
9 /1  s i l i c a / a l u m i n a  r a t i o  c a t a l y s t .
The s i n g l e  com parison  f o r  th e  2 6 /1  s i l i c a / a l u m i n a  
r a t i o  c a t a l y s t  i s  shown in  T ab le  XXXIV. The e f f e c t  o f  th e  h y d ro c a rb o n  
p a r t i a l  p r e s s u r e  i s  shown. The same e f f e c t  w h ich  was o b se rv ed  w i th  a  
change  in  h y d ro c a rb o n  p a r t i a l  p r e s s u r e  f o r  th e  o t h e r  c a t a l y s t s  was a l s o  
found  f o r  t h i s  c a t a l y s t .
The d a t a  f o r  th e  5 2 /1  s i l i c a / a l u m i n a  r a t i o  c a t a ­
l y s t  i s  a l s o  shown in  T a b le  XXXIV.' T h is  s e t  o f  d a t a  was ta k e n  a t  651°F .
T h ese  r e s u l t s  a r e  d i f f e r e n t .  The r a t e  d e c r e a s e s  a s  t h e  h y d ro c a rb o n  
p a r t i a l  p r e s s u r e  i s  i n c r e a s e d ,  b u t  th e  r a t e  i s  n o t  changed  a s  t h e  h y d ro ­
gen  p a r t i a l  p r e s s u r e  i s  changed . The a c t i v i t y  o f  t h i s  sam ple  o f  t h i s  
c a t a l y s t  i s  h i g h e r  th a n  two p r e v i o u s l y  e v a lu a t e d  sam p les  w hich  had 
e s s e n t i a l l y  th e  same a c t i v i t y .  T h is  s e t  o f  f o u r  e x p e r im e n t s  i s  s e l f -  
c o n s i s t e n t  and th e  r e s u l t  i s  in d e p e n d e n t  o f  th e  a c t i v i t y .
3 .  Summary o f  th e  R e s u l t s  w i th  t h e  V a r i a t i o n  o f  
P r e s s u r e
(a )  The r a t e  d e c r e a s e s  a s  t h e  t o t a l  p r e s s u r e  i s
i n c r e a s e d  a t  a  c o n s t a n t  H g /cy c lo h ex an e  m ole r a t i o  f o r  a l l  o f  th e
c a t a l y s t s .
(b )  The r a t e  i s  s e e n  to  d e c r e a s e  w i t h  i n c r e a s i n g  
h y d ro c a rb o n  p a r t i a l  p r e s s u r e  a t  c o n s t a n t  h y d ro g en  p a r t i a l  p r e s s u r e  f o r  
a l l  c a t a l y s t s  and c o n d i t i o n s  e v a l u a t e d .
( c )  The r a t e  d e c r e a s e s  w i th  a n  i n c r e a s e  in  h yd rogen  
p a r t i a l  p r e s s u r e  f o r  th e  9 /1  and 10 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a ­
l y s t .  The e f f e c t  o f  hydrogen  was n o t  d i r e c t l y  compared f o r  th e  2 6 /1
T a b le  XXXIV. The E f f e c t  o f  I n d i v i d u a l  P a r t i a l  P r e s s u r e s  on t h e  R a te  o f  R e a c t io n  o f  C yclohexane  
O ver 2 6 /1  and 5 2 /1  SiO-g/AlgOg P d -H -M o rd en ite .
C a t a l y s t  Type P d -H -M orden ite   P d-H -M orden ite
SiOjj/AlgOg, m ole  r a t i o  
T e m p e ra tu re , F
------ 2 6 /1 ------- .................5 2 /1
------ 475 ---- --------■............... 651 --------------
T o t a l  P r e s s u r e ,  p s i a 485 465 485 465 665 685
H ydrocarbon P a r t i a l  P r e s s u r e ,  p s i a 67 44 6 6 45 45 65
Hydrogen P a r t i a l  P r e s s u r e 418 421 419 • 420 620 620
Feed R a te ,  w /h r /w 6 .0 4 4 .1 5 5 .6 2 3 .7 5 3 .7 5 5 .6 2
H g/C yclohexane, m ole r a t i o 6 .2 6 9 .6 2 6 .3 6 9 .3 0 1 3 .7 1 9 .5 2
H ydrocarbon  P a r t i a l  P r e s s u r e / ( w /h r /w ) 11 .09 10 .60 1 1 .7 4 1 2 . 0 0 1 2 . 0 0 11 .56
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .0 5 6 0 0 .1166 0 .3517 0 .4651 0 .4558 0 .3752
1 / k 17 .89 8 .5 8 2 . 8 6 2 .1 6 2 .1 9 2 . 6 6
l / / k 4 .2 3 2 .9 3 1 .69 1 .47 1 .4 8 1 .6 3
s i l i c a / a l u m i n a  r a t i o  c a t a l y s t  and th e  r a t e  was in d e p e n d e n t  o f  th e
hy d ro g en  p a r t i a l  p r e s s u r e  w i th  th e  5 2 /1  s i l i c a / a l u m i n a  r a t i o  c a t a l y s t .
c
(d ) The e f f e c t  o f  b o th  p a r t i a l  p r e s s u r e s  a p p e a r s  
t o  d im i n i s h  a s  t h e  t e m p e r a tu r e  i s  in c r e a s e d  f o r  a g iv e n  c a t a l y s t ,  
e .  An A d s o r p t io n  Model
As was p r e v i o u s l y  m e n tio n e d ,  th e  q u a n t i t a t i v e  r e l a t i o n s  
f o r  th e  a d s o r p t i o n - d e s o r p t i o n  and s u r f a c e  r e a c t i o n s  s t e p s  i n  a  r e a c ­
t i o n  u s in g  a  h e te r o g e n e o u s  c a t a l y s t  have b een  p r e s e n t e d  by Hougen and 
W atson ( 4 6 ) .
A d s o r p t io n  m o d e ls ,  w hich  have  been  s u c c e s s f u l l y  u sed  to  
d e s c r i b e  t h e  r a t e  o f  r e a c t i o n  o f  a  f i r s t  o r d e r  r e v e r s i b l e  r e a c t i o n ,  a r e  
g e n e r a l l y  o f  t h e  f o l lo w in g  form:
-  (Pa ~Pr / k) too\
< 1 + 2  Pi Kj )n
w here  r  = t h e  o v e r - a l l  r a t e  o f  r e a c t i o n
s
ko = a  c o n s t a n t  d e p en d e n t  on th e  t e m p e r a tu r e  and th e  
c a t a l y s t
A, N, i  = d e s i g n a t i o n  o f  a  p a r t i c u l a r  r e a c t a n t ,  p r o d u c t  o r  
i n e r t  p r e s e n t  i n  th e  r e a c t i o n  
p = p a r t i a l  p r e s s u r e  o f  a p a r t i c u l a r  component 
Kt = an  a d s o r p t i o n  c o n s t a n t  a s s o c i a t e d  w i t h  a  p a r t i c u l a r  
component
K s  an  e q u i l i b r i u m  c o n s t a n t  f o r  th e  o v e r - a l l  r e a c t i o n  
n  = an  i n t e g e r  c o n s t a n t
1 . The Dual and S in g l e  S i t e  S u r fa c e  R e a c t io n s
The su r fa c e  r e a c t io n  fo r  a r e v e r s ib le  u n im o lecu la r
r e a c t io n ,  such as an iso m e r iz a t io n  r e a c t io n  r ep resen ted  by
A si R (23)
g e n e r a l l y  can  p ro c e ed  by two p o s s i b l e  r e a c t i o n s .  One o f  t h e  s u r f a c e  
r e a c t i o n s  may p ro c e ed  th ro u g h  an a d so rb ed  m o le c u le  w h ich  i n v o lv e s  o n ly  
one a c t i v e  s i t e .  The o t h e r  p o s s i b l e  s u r f a c e  r e a c t i o n  may p ro c e e d  
th ro u g h  an  a d so rb e d  m o le c u le  w hich  form s a  complex o r  i s  in v o lv e d  w i th  
an  a d j a c e n t  a c t i v e  s i t e .  These  two s u r f a c e  r e a c t i o n s  h a v e  been  d e -
I
s c r i b e d  a s  th e  " s i n g l e - s i t e "  and th e  " d u a l - s i t e "  s u r f a c e  r e a c t i o n  
m echanism s r e s p e c t i v e l y .  T hese  two mechanism s c o r r e s p o n d  t o  a  v a lu e  
o f  1  and 2  f o r  th e  ex p o n en t  "n"  i n  e q u a t i o n  ( 2 2 ),.
2 .  I n c o r p o r a t i o n  o f  th e  S u r f a c e  R e a c t io n s  i n t o  t h e  
A d s o r p t io n  Model
Two m ode ls  b a sed  on t h e s e  d i f f e r e n t  s u r f a c e  r e a c ­
t i o n s  a r e  p ro p o se d  a s  p o s s i b l e  mechanism s f o r  t h e  c y c lo h e x a n e  i s o m e r i ­
z a t i o n  r e a c t i o n .  The a d s o r p t i o n  and d e s o r p t i o n  s t e p s  a r e  t h e  same in  
b o th  m o d e ls .  The f o l l o w in g  s t e p s  a r e  used  to  d e s c r i b e  t h e  m o d e ls :
(a )  A g a se o u s  m o le c u le  o f  c y c lo h e x a n e  i s  a d so rb ed
\
on a  v a c a n t  c a t a l y s t  s i t e .
(b) The a d so rb ed  c y c lo h e x a n e  i s o m e r i z e s  t o  an  
a d so rb e d  m e th y lc y c lo p e n ta n e ,  o r
(c )  The ad so rb ed  c y c lo h e x a n e  com plexes  w i t h  an  
a d j a c e n t  a c t i v e  s i t e  and i s o m e r iz e s  t o  an  a d so rb e d  m e th y lc y c lo p e n ta n e  
com plex  w i t h  an  a c t i v e  s i t e .
(d ) An a d so rb e d  m e th y lc y c lo p e n ta n e  d e s o r b s  t o  a  . 
g a se o u s  m o le c u le  from th e  a c t i v e  s i t e .
An e x p r e s s i o n  f o r  th e  o v e r a l l  r a t e  o f  r e a c t i o n  can 
now b e  d e v e lo p e d  from each  o f  th e  p ro p o se d .m o d e ls . .  The f o l l o w i n g  p r o ­
c e d u r e  was u s e d :
(a )  L i s t  th e  s t e p s  i n  t h e  m o d e l .
(b) W rite a r e v e r s ib le  r a te  eq u a tio n  fo r  each  s te p
and o b ta in  th e  e q u ilib r iu m  c o n sta n t fo r  each s te p .
(<o Assume one o f  th e  s t e p s  i s  s lo w e r  th a n  th e  r e s t  
and t h a t  a l l  t h e  o t h e r s  a r e  a t  e q u i l i b r iu m .
(d) S o lv e  f o r  th e  c o n c e n t r a t i o n s  o f  a d s o r b e d  s p e c ie s  
in  te rm s  o f  p a r t i a l  p r e s s u r e s ,  a d s o r p t i o n  c o n s t a n t s  and c o n c e n t r a t i o n s  
o f  v a c a n t  a c t i v e  s i t e s  (Cx) from  th e  e q u i l i b r iu m  r e l a t i o n s .  S u b s t i t u t e  
t h e s e  r e l a t i o n s  i n t o  t h e  s t a r t i n g  r a t e  e q u a t i o n .
(e )  W r i te  a n  e q u a t io n  f o r  th e  t o t a l  number o f  a c t i v e  
s i t e s  (L) i n  te rm s  o f  th e  c o n c e n t r a t i o n s  o f  t h e  v a c a n t  a c t i v e  s i t e s  (C1) 
and t h e  c o n c e n t r a t i o n s  o f  th e  a d so rb e d  s p e c i e s .
( f )  S o lv e  th e  e q u a t io n  in  (e) f o r  Cx and s u b s t i t u t e
t h i s  v a l u e  i n t o  t h e  s t a r t i n g  r a t e  e q u a t io n  to  o b t a i n  t h e  f i n a l  r a t e
e q u a t i o n .
The e q u a t i o n s  r e s u l t i n g  from t h i s  p r o c e d u r e  a r e  
p r e s e n t e d  i n  o u t l i n e  form  i n  T a b le  XXXV (page  1 2 5 ) .
The o v e r - a l l  r a t e  o f  r e a c t i o n  i s  t h e  same r e g a r d l e s s  
o f  t h e  m o d e l .  T h e r e f o r e ,  th e  s i m p l i f i e d  r a t e  c o n s t a n t  and t h e  a d s o r p ­
t i o n  m odel r a t e  c o n s t a n t s  can  b e  r e l a t e d  to  each  o t h e r .  The r e l a t i o n  
b e tw ee n  t h e  c o n s t a n t s  o f  th e  s i n g l e - s i t e  and th e  s i m p l i f i e d  m odel i s :
k  --------  (24A)
(1  +  KaPa 4- KrPr +K„ P h)
The r e l a t i o n  be tw een  t h e  c o n s t a n t s  o f  th e  d u a l - s i t e  and t h e  s i m p l i f i e d
m odel i s :
k  “  (1  +  Kj P l  +  K^p„ +  (248>
T ab le  XXXV. D e r iv a t io n  o f  R ate E quations fo r  th e  O v e ra ll R ea ctio n  A 3± R
Chem ical S te p  R a te  E q u a t io n  E q u i l ib r iu m  E x p r e s s io n
(1) A +  1 A1 r  = pA Cj, -  CA = ^a /P a^ i
(2) A1 3s  R1 r  = kgCA -  I&^ Cr Kg = CR/CA
o r  . o r  o r
(2) A1 .+ 1 f  R1 +  1 r  = kgCACi -  ^ C RC! Kg = CR /CA
(3) R1 *  R +  1 r  = kgCR -  1^ P rCx Kg = p * ^  /Cr
(4) Hg +  l ^ H g l  r  = k4 pHCx -  k^Cn K^ = C.M/p HCx
The f o l l o w in g  e q u a t i o n  g iv e s  t h e  assumed s p e c i e s  p r e s e n t  on t h e  c a t a l y s t  s i t e s :
L = Cj, +  CA +  Cr +  Ch
E x p r e s s io n  f o r  F i n a l  R a t e :
Model I .  S i n g l e - S i t e
' r  = koKA[ p A- ( p R/ K ) ] / [ l  +  KaPa +  Kr Pr +  Kh P.h ]
Model I I .  D u a l - S i t e
^  = koKA[ p A- ( p R/ K ) ] / [ l  +  KaPa +  KrPr +  KhPh?
Pa > Pr > Ph = p a r t i a l  p r e s s u r e s  o f  c y c lo h e x a n e ,  m e th y lc y c lo p e n ta n e  and hyd rogen
Ca » CR, ^ , Cx = c o n c e n t r a t i o n s  o f  a d so rb e d  c y c lo h e x a n e ,  m e th y lc y c lo p e n ta n e ,  hyd rogen  and
v a c a n t  a c t i v e  s i t e s
Kj,» Ks> K3 » K = e q u i l i b r i u m  c o n s t a n t s  f o r  e ach  s t e p  and f o r  o v e r a l l  r e a c t i o n
Ka , Kr , Kh = a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s  f o r  c y c lo h e x a n e ,  m e th y lc y c lo p e n ta n e  and
hydrogen
3 .  V a r io u s  Forms W hich th e  M odels Can Assume
The d a t a  o f  t h i s  s tu d y  h av e  b e en  o b ta in e d  by an  
i n t e g r a l  r e a c t o r  m ethod. T h is  means t h a t  t h e  p a r t i a l  p r e s s u r e s  w ere  
v a r y i n g  down th e  l e n g th  o f  th e  c a t a l y s t  b e d .  However, t h e  h yd rogen  
p r e s s u r e  re m a in s  c o n s t a n t  as  i t  i s  n o t  consumed in  t h e  r e a c t i o n .  And 
t h e  sum o f  t h e  h y d ro c a rb o n  p a r t i a l  p r e s s u r e s  r e m a in s  c o n s t a n t  even  
th o u g h  th e  i n d i v i d u a l  h y d ro c a rb o n  p a r t i a l  p r e s s u r e s  c h an g e .
I n  a p p ly in g  th e  a d s o r p t i o n  mpdel e q u a t i o n s ,  i t  i s  
r e a s o n a b l e  t o  assume t h a t  th e  a d s o r p t i o n  c o n s t a n t s  f o r  t h e  h y d ro ­
c a r b o n s  a r e  e s s e n t i a l l y  e q u a l ,  i . e . ,  KA 83 Kq . The e x p r e s s i o n  in
e q u a t i o n s  (24) c an  th e n  be  re d u c ed  t o  one i n  w h ich  th e  d e n o m in a to r  i s  
a  f u n c t i o n  o f  h y d ro ca rb o n  and h y d ro g e n  p a r t i a l  p r e s s u r e .  The re d u c ed  
e q u a t i o n s  a r e :
s i n g l e - s i t e
k  = ( 1  +  K o ^ + K h P h )  • (25A )
and d u a l - s i t e
k  = ( 1  +  *h ph )k  (25B )
w here  p0  = p’a r t i a l  p r e s s u r e  o f  c y c lo h e x a n e  +  m e th y lc y c lo ­
p e n ta n e  .
B o th  o f  t h e  p a r t i a l  p r e s s u r e s  i n  t h e s e  e x p r e s s i o n s  re m a in  c o n s t a n t  in  
any  g iv e n  e x p e r im e n t .
E q u a t io n s  (25) may r e d u c e  t o  s im p le r  form s u n d e r  
s p e c i a l  c o n d i t i o n s .  F o r  exam ple , i f  t h e  h y d ro c a rb o n  and  hyd rogen  
a d s o r p t i o n  c o n s t a n t s  w ere  a p p r o x im a te ly  e q u a l  i n  m a g n i tu d e ,  th e  two 
e q u a t i o n s  would  red u ce  to  a fo rm  d e p e n d e n t  o n ly  on th e  t o t a l  p r e s s u r e ,  
a s  shown on th e  fo l lo w in g  p ag e :
k  = koKo/Cl +  Ko-n) (26A)
and k  = ^ 1 ^ / ( 1  +  KqTt) 2  (26B)
w here  rr = t o t a l  p r e s s u r e .
A n o th e r  s i m p l i f i c a t i o n  can  be  made i f  one o f  th e  
a d s o r p t i o n  c o n s t a n t s  happens to  be  much l a r g e r  th a n  t h e  o t h e r .  F o r  
exam ple , i f  KqPq »  KhPh , th e n  e q u a t i o n  (25A) r e d u c e s  t o :
k  = k o V C l  +  KoPo) <27A>
and e q u a t i o n  (25B) re d u c e s  t o :  >
k = koKo/Cl + KoP0) 3 (27B)
o r  i f  Kh Ph »  KqP0 , a  s i m i l a r  p a i r  o f  e q u a t i o n s  w i t h  Kh i n  t h e  denom­
i n a t o r  w ould  be  o b ta in e d .
O th e r  p o s s i b i l i t i e s  e x i s t  f o r  t h e  c a s e s  w here  
Kq Pq +  K^pH »  1 and KqPq + KnpH «  1. I n  t h e  f i r s t  i n s t a n c e ,  b o th  
e q u a t i o n  (25A) and e q u a t io n  (25B) re d u c e  t o  k  = kgKo , w h ich  im p l ie s  
t h a t  t h e  r a t e  i s  in d e p en d e n t  o f  t h e  p a r t i a l  p r e s s u r e s  o f  th e  com ponents 
in  th e  s y s te m . In  th e  second i n s t a n c e ,  e q u a t i o n  (25A) r e d u c e s  t o :
k  = k o V O ^ P o  +  KhPh) 
and e q u a t i o n  (25B) re d u c e s  to :
k  = koV C K oP o +  KhPh) 2
4 .  S e l e c t i n g  th e  Model
I n 'o u r  d i s c u s s i o n  o f  th e  e f f e c t  o f  p r e s s u r e ,  
i t  was c o n c lu d e d  t h a t  th e  r a t e  o f  r e a c t i o n  was d e p e n d e n t  on b o th  h y d ro ­
ca rb o n  and hyd rogen  p a r t i a l  p r e s s u r e .  T h i s  was t r u e  f o r  e ach  o f  th e  
c a t a l y s t s  e x c e p t  t h e  5 2 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a l y s t .
I f  a model i s  to  be made w hich  w i l l  be r e p r e se n ta ­
t i v e  o f  th e s e  r e a c t io n s ,  i t  w i l l  be req u ir ed  to  conform  to  th e se  ob­
served  ex p erim en ta l r e s u l t s .  T h e r e fo r e , th e  m odel fo r  th re e  o f  th e
(28A)
(28B)
c a t a l y s t s  w i l l  have  t o  i n c lu d e  t h e  p a r t i a l  p r e s s u r e  te rm s  o f  b o t h  th e  
h y d ro c a rb o n s  and t h e  h y d ro g e n .  B u t ,  t h e  model f o r  th e  5 2 /1  s i l i c a /  
a lu m in a  m ole  r a t i o  c a t a l y s t  w i l l  depend  o n ly  on t h e  p a r t i a l  p r e s s u r e  
o f  t h e  h y d ro c a rb o n s .
E q u a t io n  (25A) c a n  b e  r e a r r a n g e d  to  g iv e  a  l i n e a r  
r e l a t i o n  b e tw een  t h e  s i m p l i f i e d  r a t e  c o n s t a n t  and t h e  p a r t i a l  p r e s s u r e  
te rm s  f o r  t h e  s i n g l e - s i t e  m odel:
r ^ + 4 ) P t  +  ( w , , “  '  <25A)
and e q u a t i o n  (25B) can  b e  r e a r r a n g e d  t o  g iv e  a  l i n e a r  r e l a t i o n  be tw een  
th e  s i m p l i f i e d  r a t e  c o n s t a n t  and t h e  p a r t i a l  p r e s s u r e  te rm s  f o r  th e  
d u a l - s i t e  m odel:
7 E =  7 ^ % " +  +  (25B )
The d a t a  w h ich  we hav e  p r e v i o u s l y  d i s c u s s e d  show­
in g  th e  e f f e c t  o f  th e  p a r t i a l  p r e s s u r e  o f  h y d ro g e n  and h y d ro c a rb o n  
on th e  r a t e  have  b een  u sed  t o  d e te r m in e  t h e  c o n s t a n t s  f o r  t h e s e  two 
e q u a t i o n s .  The c o n s t a n t s  f o r  e a c h  s e t  o f  d a t a  f o r  a  g iv e n  c a t a l y s t  
and te m p e r a tu r e  w ere  d e te rm in e d  by  a  l e a s t  s q u a r e s  a n a l y s i s .  A d i s ­
c u s s io n  o f  t h e  v a lu e s  o f  t h e  c o n s t a n t s  o b ta in e d  w i t h  e ach  c a t a l y s t  i s  
g iv e n  in  t h e  fo l lo w in g  p a r a g r a p h s .
The v a l u e s  o f  t h e  c o n s t a n t s  o b t a in e d  w i t h  th e  9 /1  
s i l i c a / a l u m i n a  r a t i o  c a t a l y s t  a r e  g iv e n  i n  T a b le  XXXVI (p ag e  129) f o r  
b o th  m o d e ls .  The v a lu e s  a r e  shown f o r  4 8 2 °F , 512°F and 538?F . These  
c o n s t a n t s  w ere  d e te rm in e d  u s in g  t h e  r a t e  c o n s t a n t  and p a r t i a l  p r e s s u r e  
d a t a  shown i n  T a b le s  XX (p ag e  101) , XXI (p ag e  1 0 2 ) ,  XXII (p ag e  103) 
and XXXII (page  1 1 8 ) .
T a b le  XXXVI. R a te  and A d s o r p t io n  C o n s ta n ts  f o r  9 /1  SiOg/AlgOg Pd-■H-Mordenite. •
482° F 512° F 538? F
C o n s ta n ts S in g l e  Dual . S in g l e  Dual S in g l e  D ual
K 2 .1 2  3 9 .0 4 7 .4 1  51 .423 9 3 .4 6  150.455
K o -0 .0 2 8 6  0 .0 9 4 4 -0 .0 5 0 5  0 .0295 0 .0067  0 .00329
K h -0 .0 0 2 0 0  0 .00703 -0 .0 0 2 2 8  0 .00157 0 .00180  0 .000309
K q / K h ------  13 .43 ------  18 .77 - - - -  1 0 . 6 6
N e g a t iv e  v a lu e s  o f  t h e  a d s o r p t i o n  c o n s t a n t s  w ere  
o b ta in e d  a t  two o f  t h e  t h r e e  te m p e r a tu r e s  w i th  th e  s i n g l e - s i t e  m o d e l.
A l l  p o s i t i v e  v a l u e s  w ere  o b ta in e d  w i t h  t h e  d u a l - s i t e  m odel. T h u s ,  t h e  
d u a l - s i t e  m odel i s  a c c e p te d  a s  t h e  more c o r r e c t  m odel b e ca u se  p h y s i ­
c a l l y  r e a l i s t i c  v a l u e s  f o r  th e  c o n s t a n t s  were  o b t a in e d .
The v a lu e s  o f  th e  c o n s t a n t s  o b ta in e d  f o r  t h e  s i n g l e ­
s i t e  and  d u a l - s i t e  m odel w i th  t h e  1 0 / 1  s i l i c a / a l u m i n a  mole r a t i o  c a t a ­
l y s t  a r e  shown i n  T a b le  XXXVII (p ag e  131) . Thes,e v a lu e s  w ere  d e t e r ­
m ined a t  460PF , 480°F  and 49 9 °F . T h e se  c o n s t a n t s  w ere  d e te r m in e d  u s i n g  
t h e  r a t e  c o n s t a n t  and p a r t i a l  p r e s s u r e  d a t a  shown i n  T a b le s  X X III  
(p a g e  1 0 5 ) ,  XXIV (p a g e  1 0 6 ) ,  XXV (p ag e  107) and XXXIII (page  1 1 9 ) .
T hese  d a t a  f o l l o w  a  p a t t e r n  s i m i l a r  t o  t h e  d a t a  o f  
t h e  9 /1  s i l i c a / a l u m i n a  mole r a t i o  c a t a l y s t .  The a d s o r p t i o n  c o n s t a n t s  
f o r  two o f  t h e  t h r e e  te m p e r a t u r e s  h av e  n e g a t i v e  v a lu e s  f o r  t h e  s i n g l e ­
s i t e  m o d e l .  The d u a l - s i t e  model h a s  a l l  p o s i t i v e  c o n s t a n t s .  The d u a l ­
s i t e  m odel i s  a c c e p te d  a s  b e in g  th e  b e s t  m odel on t h e  b a s i s  o f  h a v in g  
p h y s i c a l l y  r e a l i z a b l e  v a l u e s  f o r  t h e  c o n s t a n t s .
The r a t i o  o f  t h e  a d s o r p t i o n  c o n s t a n t s  o f  h y d r o ­
c a r b o n /h y d r o g e n ,  Kq /Kh , have  b e en  shown i n  t h e  two p re v io u s  t a b l e s  
f o r  t h e  d u a l - s i t e  m o d e l .  I t  i s  s e e n  t h a t  th e  r a t i o  i s  r e l a t i v e l y  c o n ­
s t a n t  f o r  a  g iv e n  c a t a l y s t  o v e r  th e  t e m p e r a t u r e  r a n g e  s t u d i e d ,  i . e . ,
~  24 f o r  t h e  1 0 /1  s i l i c a / a l u m i n a  m ole r a t i o  c a t a l y s t ’ from 460 t o  499°F  
and ^  14 f o r  t h e  9 / 1  s i l i c a / a l u m i n a  r a t i o  c a t a l y s t  from 482 t o  538PF.
The r e l a t i v e  c o n s ta n c y  o f  t h i s  r a t i o  f o r  a  g iv e n  c a t a l y s t  w i l l  be  u se d  
t o  s e p a r a t e  t h e  c o n s t a n t s  f o r  t h e  2 6 /1  s i l i c a / a l u m i n a  mole r a t i o  
c a t a l y s t .
T a b le  XXXVII. R a te  and A d s o r p t io n  C o n s ta n t s  f o r  1 0 /1  SiO^/AlgOa P d-H -M orden ite
460° F 480PF 499° F
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I n  o rd e r  t o  s e p a r a t e  th e  c o n s t a n t s  a s  h a s  b e e n  done 
w i t h  9 / 1  and 1 0 / 1  s i l i c a / a l u m i n a  mole r a t i o  c a t a l y s t s ,  t h e  v a r i a b l e  
p r e s s u r e  d a t a  had t o  in c lu d e  v a lu e s  o b ta in e d  a t  d i f f e r e n t  h y d ro g e n /  
c y c lo h e x a n e  m ole  r a t i o s .  T h is  ty p e  o f  d a t a  was o b ta in e d  a t  o n ly  one 
t e m p e r a t u r e  w i th  t h e  2 6 /1  s i l i c a / a l u m i n a  mole r a t i o  c a t a l y s t .  The 
t e m p e r a t u r e  o f  t h e s e  e x p e r im e n ts  was 475°F . The c o n s t a n t s  f o r  t h i s  
c a s e  w ere  c a l c u l a t e d  and th e  r a t i o  o f  th e  h y d ro c a rb o n  t o  h yd rogen  
a d s o r p t i o n  c o n s t a n t s  was d e te rm in e d  t o  be 5 8 .2 5 . ,  T h i s  r a t i o  was 
assum ed to  be  c o n s t a n t  and was used  w i th  th e  d a t a  o b t a in e d  a t  a  c o n ­
s t a n t  h y d ro g e n /c y c lo h e x a n e  m ole  r a t i o  i n  T a b le s  XXVI (p a g e  109) .and 
XXVII (p ag e  110) t o  o b t a i n  t h e  v a lu e s  o f  th e  a d s o r p t i o n  and r a t e  
c o n s t a n t s  a t  427°F and 455°F . These v a lu e s  a r e  shown i n  T a b le  XXXVIII 
(p a g e  133) f o r  th e  s i n g l e  and d u a l - s i t e  m o d e ls .
The d u a l - s i t e  model i s  a g a in  a c c e p te d  b e c a u s e  th e  
c o n s t a n t s  a r e  p o s i t i v e ,  w h i le  th e  s i n g l e - s i t e  m odel a d s o r p t i o n  c o n ­
s t a n t s  a r e  n e g a t i v e .
I t  w i l l  be  r e c a l l e d  t h a t  th e  5 2 /1  s i l i c a / a l u m i n a  
m o le  r a t i o  c a t a l y s t  was d i f f e r e n t  from th e  o t h e r  c a t a l y s t s  b e c a u s e  
t h e  r a t e  was shown t o  be o n ly  a  f u n c t io n  o f  t h e  h y d ro c a rb o n  p a r t i a l  
p r e s s u r e .  E q u a t io n s  (27A) (p ag e  127) and (27B) (p a g e  127) a r e  th e  
a p p r o p r i a t e  e q u a t io n s  to  a p p ly  to  t h e  d a t a  o b ta in e d  w i t h  t h i s  c a t a l y s t .
The v a l u e s  o f  th e  h y d ro ca rb o n  a d s o r p t i o n  c o n s t a n t ,  
Kq , and t h e  r a t e  c o n s t a n t ,  Icq , a r e  shown i n  T a b le  XXXIX (p ag e  134) f o r  
t h e  d u a l - s i t e  and s i n g l e - s i t e  m odel. These c o n s t a n t s  w e re  d e te rm in e d  
from  th e  r a t e  c o n s t a n t s  and p a r t i a l  p r e s s u r e s  d a t a  shown in  T a b le s  
XXIX (p ag e  113) , XXX (page  114) and XXXI (p ag e  115) . The a d s o r p t i o n  
c o n s t a n t s  o f  th e  s i n g l e - s i t e  model a r e  n o t  a l l  p o s i t i v e .  F o r  t h i s
1Table XXXVIII. Rate and A d sorp tion  C onstants fo r  2 6 /1  Si.Qz / k l z 03 Pd-H-M ordenite.




S in g l e Dual
0 .7 5 5  5 .5 9
-0 .00580  0 .04532
-0 .000096 0.000755.
455° F 475° F




D ual . 
12 .79  
0 .0630  
0 .00105
S in g le
2 .5 6
-0 .0 3 9 5
-0 .0 0 0 4 0 2
D ual
2 01 .2 4
0 .6255
0 .0107
T a b le  XXXIX. R a te  and A d s o r p t io n  C o n s ta n ts  f o r  5 2 /1  S i0 2 /A lg0 3  P d -H -M o rd en ite .
600^ F 6 2 ^ F 651° F
C o n s ta n ts  S in g l e  . D ual S in g l e  D ual S in g l e  Dual
ko 2 .6 7  2 1 .0 5  5 .3 9  3 1 .8 2 1 0 .7 7  4 7 .3 7
Kq -0 .1 2 5 6  0 .0 3 0 3  -3 .2 6 5  0 .0217 0 .2 3 5 1  0 .0179
m
•
-------------------------  .  . _  . . .
r e a s o n  i t  i s  r e j e c t e d  i n  f a v o r  o f  t h e  more p h y s i c a l l y  c o r r e c t  d u a l ­
s i t e  m ode l.
A summary o f  th e  r e s u l t s  in  th e  s e l e c t i n g  o f  a
m odel i s  a s  f o l l o w s :  t h e  s e l e c t i o n  o f  th e  more c o r r e c t  m odel has  been
b a se d  on a c c e p t i n g  th e  one w hich  g iv e s  p h y s i c a l l y  r e a l i s t i c  v a l u e s  f o r  
th e  c o n s t a n t s  in  th e  m o d e l.  On t h i s  b a s i s ,  t h e  d u a l - s i t e  model h a s
b een  a c c e p te d  a s  t h e  one c o r r e c t l y  r e p r e s e n t i n g  t h e  d a t a  f o r  e ac h  o f
t h e  f o u r  c a t a l y s t s .  The m odel f o r  th e  r e a c t i o n 4i s  a  f u n c t i o n  o f  b o th  
h y d ro c a rb o n  and h y d ro g en  p a r t i a l  p r e s s u r e  f o r  t h e  9 / 1 ,  1 0 /1  and 2 6 /1  
s i l i c a / a l u m i n a  mole r a t i o  c a t a l y s t s .  B u t ,  t h e  m odel f o r  t h e  5 2 /1  
s i l i c a / a l u m i n a  m ole  r a t i o  c a t a l y s t  i s  o n ly  a  f u n c t i o n  o f  t h e  h y d r o ­
c a rb o n  p a r t i a l  p r e s s u r e .
5 .  The E f f e c t  o f  T em p era tu re  on th e  Model C o n s ta n t s
A c co rd in g  to  t h e  a d s o r p t i o n - s i t e  t h e o r y ,  th e  
a d s o r p t i o n  m odel c o n s t a n t s  sh o u ld  b e  an  A r r h e n i u s - t y p e  f u n c t i o n  o f  
t e m p e r a t u r e  f o l lo w in g  t h e  g e n e r a l  r e l a t i o n s h i p s :
In  K. = +  I n  B,
^  RT
and I n  ko = +  I n  B0
RT
I f  t h e  c a t a l y s t  a c t i v i t y  rem a in s  c o n s t a n t  w i t h  a  change  i n  t e m p e r a t u r e ,  
AHj and Ahg c o r re s p o n d  t o  th e  e f f e c t i v e  e n t h a l p i e s  in  a c t i v a t e d  a d s o r p ­
t i o n  and i n  fo rm in g  an  a c t i v a t e d  com plex; o t h e r w i s e ,  t h e y  a r e  e m p i r i c a l  
o n l y .  The Bt and B0  a r e  p r o p o r t i o n a l i t y  c o n s t a n t s  i n  t h e  r e l a t i o n s ' .
A p p l i c a t i o n  o f  t h i s  t h e o r y  i s  made w i t h  t h e  d a t a  
d i s c u s s e d  i n  th e  p r e v io u s  s e c t i o n  (p ag e  1 2 7 ) .  The a d s o r p t i o n  model 
c o n s t a n t s  have  b een  p l o t t e d  a s  a  f u n c t i o n  o f  th e  r e c i p r o c a l  o f  th e  
a b s o l u t e  t e m p e ra tu re  f o r  e ach  o f  t h e  c a t a l y s t s . E ach  p l o t  has  two
o r d i n a t e  s c a l e s .  The s c a l e  on t h e  l e f t  i s  f o r  t h e  a d s o r p t i o n  model 
r a t e  c o n s t a n t ,  Icq ; and t h e  s c a l e  on t h e  r i g h t  i s  f o r  th e  a d s o r p t i o n  
c o n s t a n t s ,  Kq and . The d a t a  f o r  e a c h  o f  t h e  f o u r  c a t a l y s t s  a r e  
d i s c u s s e d  in  t h e  fo l lo w in g  p a r a g r a p h s .
The c o n s t a n t s  f o r  t h e  9 /1  s i l i c a / a l u m i n a  m ole  r a t i o  
m o rd e n i te  a r e  shown in  F ig u r e  31 (p a g e  137) a s  a  f u n c t i o n  o f '  t e m p e r a tu r e  
The r a t e  c o n s t a n t  i n c r e a s e s  w i th  an  i n c r e a s e  i n  t e m p e r a t u r e .  The a d s o rp  
t i o n  c o n s t a n t s  d e c r e a s e  w i th  an  i n c r e a s e  i n  t e m p e r a t u r e . T h is  o p p o s in g  
e f f e c t  i s  i n  ag reem en t w i t h  t h e  t h e o r y  b e c a u s e  t h e  r a t e  s h o u ld  i n c r e a s e  
w i t h  t e m p e r a tu r e  b u t  a d s o r p t i o n  s h o u ld  d e c r e a s e .  The e f f e c t i v e  e n t h a l p y  
ch an g es  f o r  t h e  t h r e e  r e l a t i o n s  a r e :  Ahj, » e n t h a l p y  o f  a c t i v a t i o n  i n
fo rm in g  a c t i v a t e d  com plex , + 2 5 .0 6  k c a l / m o l ;  , e n t h a l p y  o f  a c t i v a t i o n  
i n  a c t i v a t e d  a d s o r p t i o n  o f  h y d ro c a rb o n ,  - 6 5 .6 8  k c a l / m o l ;  A b^» e n t h a l p y  
o f  a c t i v a t i o n  i n  a c t i v a t e d  a d s o r p t i o n  o f  h y d ro g e n ,  -5 9 .9 9  k c a l / m o l .  I t  
i s  s e e n  t h a t  t h e  a b s o l u t e  v a l u e s  o f  t h e  e n t h a l p i e s  o f  a c t i v a t i o n  f o r  
a d s o r p t i o n  a r e  l a r g e r  t h a n  th e  a b s o l u t e  v a l u e  o f  t h e  e n th a l p y  o f  a c t i v a ­
t i o n  f o r  fo rm in g  th e  r e a c t i v e  com plex . T h i s  r e l a t i v e  r e l a t i o n s h i p  
be tw een  th e  e n t h a l p i e s  o f  a c t i v a t i o n  i s  i n  a g re em e n t  w i th  r e s u l t s  o f  a  
s i m i l a r  c a t a l y s t  s tu d y  by  Hougen and W atson  ( 4 6 ) .
The A r r h e n i u s - t y p e  p l o t  o f  t h e  c o n s t a n t s  f o r  t h e  
1 0 /1  s i l i c a / a l u m i n a  mole r a t i o  m o r d e n i te  i s  shown i n  F ig u r e  32 (p ag e  
1 3 8 ) .  .The t r e n d  o f  t h e  d a t a  p a r a l l e l s  t h a t  o f  th e  9 /1  s i l i c a / a l u m i n a  
m ole  r a t i o  c a t a l y s t .  The d i r e c t i o n a l  ch an g e  o f  t h e  c o n s t a n t s  w i t h  
i n c r e a s i n g  te m p e r a tu r e  i s  s e e n  t o  be  i n  q u a l i t a t i v e  a g reem en t w i t h  t h e  
p h y s i c a l  i n t e r p r e t a t i o n  o f  th e  c o n s t a n t s .  The e f f e c t i v e  e n th a l p y  
ch an g es  f o r  t h e  t h r e e  r e l a t i o n s  a r e :  Ahg = + 2 9 .2 7  k c a l / m o l ,  Ab^ =
-2 8 .9 2  k c a l /m o l  and Afy -  -3 5 .3 7  k c a l / m o l .
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F ig u r e  31 . The E f f e c t  o f  T em p era tu re  on th e  A d s o r p t io n  Model
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F igu re  32 . The E f f e c t  o f  Temperature on th e  A d so rp tio n  Model
C onstants: 10/1  S i03 /A l3 03 Pd-H -M ordenite.
The c o n s t a n t s  f o r  t h e  2 6 /1  s i l i c a / a l u m i n a  mole 
r a t i o  c a t a l y s t a r e  shown i n  F ig u r e  33 (p a g e  1 4 0 ) .  The r a t e  c o n s t a n t ,
1^,, i s  seen  to  i n c r e a s e  w i t h  t e m p e r a t u r e .  T h is  i s  q u a l i t a t i v e l y  in  
ag reem en t w i th  t h e  t h e o r y .  The a d s o r p t i o n  c o n s t a n t s ,  Kq and , a r e  
a l s o  s e e n  t o  i n c r e a s e  w i t h  t e m p e r a t u r e .  T h is  i s  p h y s i c a l l y  i n t e r p r e t e d  
t o  mean t h a t  t h e  amount o f  a d s o r p t i o n  i n c r e a s e s  w i t h  an  i n c r e a s e  in  
t e m p e r a tu r e ,  w hich  i s  n o t  a  r e a l i s t i c  r e s u l t .  T h u s ,  th e .a g r e e m e n t  w i th  
' t h e  th e o ry  b r e a k s  down and t h e  c o n s t a n t s  o f  th e  jnodel have  t o  be i n t e r ­
p r e t e d  a s  e m p i r i c a l  o n l y .  The l i n e s  r e p r e s e n t i n g  t h e  d a t a  have  been  
p la c e d  th ro u g h  th e  p o i n t s  a t  475°F and 427°F b e c a u s e  i t  was o b se rv ed  i n  
e v a lu a t in g  t h e  m odels  t h a t  a  much b e t t e r  ag reem en t be tw een  e x p e r im e n ta l  
and c a l c u l a t e d  v a l u e s  was o b ta in e d  u s in g  th e s e  two p o i n t s  (page  1 4 2 ) .  
The r e a s o n  f o r  th e  e r r o r  i n  t h e  4 5 5 °F d a t a  p o i n t  i s  n o t  known.
A- p l o t  o f  a d s o r p t i o n  model c o n s t a n t s  a s  an  
A r rh e n iu s  f u n c t i o n  o f  t h e  t e m p e r a t u r e  i s  shown i n  F ig u r e  34 (page  141) 
f o r  th e  52 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a l y s t .  T h ese  d a t a  a r e  i n  
q u a l i t a t i v e  ag re em e n t  w i t h  t h e  t h e o r y  b e c a u s e  t h e  r a t e  i n c r e a s e s  and 
th e  a d s o r p t i o n  d e c r e a s e s  w i th  i n c r e a s i n g  t e m p e r a t u r e .  The e f f e c t i v e  
e n th a lp y  o f  a d s o r p t i o n  f o r  t h e  h y d ro c a rb o n ,  Afy> > i s  1 3 .2 5  k c a l /m o l  
and th e  e n th a l p y  o f  a c t i v a t i o n  i n  fo rm in g  an  a c t i v a t e d  com plex, Aho , 
i s  -1 0 .7 9  k c a l / m o l .
The r e s u l t s  o f  t h i s  s e c t i o n  a r e  summarized a s  
f o l lo w s :  An a n a l y s i s  o f  t h e  e f f e c t  o f  t e m p e r a tu r e  on th e  c o n s t a n t s  o f
th e  a d s o r p t i o n  m odel h a s  b een  made. The a n a l y s i s  h a s  shown t h a t  t h e .  
model i s  q u a l i t a t i v e l y  i n  a g re em e n t  w i t h  t h e  t h e o r y  f o r  t h r e e  o f  th e  
fo u r  c a t a i y s t s  e v a l u a t e d  ( 9 / 1 ,  1 0 /1  and 5 2 /1  S i0 3 /A l 2 03  c a t a l y s t s ) .
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F igure 33 . The E f f e c t  o f  Temperature on th e  A d sorp tion  Model
C o n sta n ts:  2 6 /1  S i0 2 /A ls 03 Pd-H-M ordenite.
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F igure 34. The E f f e c t  o f  Temperature on th e  A d sorp tion  Model
Constantis: 5 2 /1  S i0 2 /A l2 03 Pd-H-M ordenite.
i n c r e a s e s  and th e  a d s o r p t i o n  c o n s t a n t s  d e c r e a s e  w i t h  an i n c r e a s e  i n  
t e m p e r a t u r e .  The change  in  t h e  v a l u e  o f  th e  a d s o r p t i o n  c o n s t a n t s  
w i t h  t e m p e r a t u r e  f o r  th e  2 6 /1  s i l i c a / a l u m i n a  m ole r a t i o  c a t a l y s t  d o es  
n o t  a g r e e  w i th  a  p h y s i c a l l y  r e a l i s t i c  i n t e r p r e t a t i o n .  T h u s ,  t h e  c o n ­
s t a n t s  o b t a in e d  i n  t h e  m o d e lin g  o f  th e  r e a c t i o n  w i t h  t h i s  c a t a l y s t  can  
o n ly  be i n t e r p r e t e d  a s  e m p i r i c a l .
The e n t h a l p i e s  o f  a c t i v a t i o n  f o r  a d s o r p t i o n  and  th e  
e n th a l p y  o f  a c t i v a t i o n  in  fo rm ing  t h e  r e a c t i v e  a c t i v a t e d  com plex have  
b een  d e te r m in e d .  I t  h a s  b een  n o te d  t h a t  t h e  r e l a t i v e  v a l u e s  o f  t h e s e  
e n t h a l p i e s  o f  a c t i v a t i o n  f o r  a d s o r p t i o n  and r e a c t i o n  a r e  s i m i l a r  t o  
th e  r e l a t i v e  v a l u e s  r e p o r t e d  f o r  a  s i m i l a r  s tu d y  w i th  an  amorphous 
c a t a l y s t .
6 . An E v a lu a t io n  o f  th e  M odels
The e f f e c t i v e n e s s  o f  a  m odel i s  b a se d  on i t s  
a b i l i t y  t o  p r e d i c t  th e  r e s u l t  w h ich  would be  d e te rm in e d  i f  e x p e r im e n ­
t a t i o n  w ere  p e r fo rm e d .  The e f f e c t i v e n e s s  o f  t h e  m odels  d e v e lo p e d  in  
t h i s  s tu d y  h av e  b een  e v a lu a t e d  by  c a l c u l a t i n g  t h e  r a t e  c o n s t a n t s  from  • 
e ach  m odel and  com paring  th e  c a l c u l a t e d  v a l u e  w i th  t h e  e x p e r i m e n t a l l y  
d e te rm in e d  v a l u e .  V a lu es  have  b e e n  c a l c u l a t e d  from th e  c o m p le te  ra n g e  
o f  e x p e r im e n t a l  c o n d i t i o n s  ( p r e s s u r e  and t e m p e r a tu r e )  c o v e re d  w i t h  
e ach  c a t a l y s t .
The t e s t  o f  t h e  e f f e c t i v e n e s s  o f '  each  m odel i s  
i l l u s t r a t e d  i n  a  p l o t  o f  th e  v a l u e  o f  th e  e x p e r im e n ta l  r a t e  c o n s t a n t  
v e r s u s  th e  c a l c u l a t e d  v a l u e .  The a v e ra g e  p e r c e n t  e r r o r  f o r  e ac h  model 
h a s  a l s o  b e en  d e te r m in e d .  The number o f  t h e  f i g u r e  showing th e  d a t a  
f o r  e ac h  c a t a l y s t  and th e  p e r c e n t  e r r o r  a r e  shown i n  T a b le  XL (p a g e  . 
•143) .
Table XL. A Measure o f  th e  Models R e p r esen ta t io n  o f  the Data,
i
A v erag e  % 
E r r o r  Between 
E x p e r im e n ta l  and 
P d -H -M o rd en ite  F ig u r e  Number C a l c u l a t e d  R a te
S i0 2 /A l 2 03  Mole R a t i o  I l l u s t r a t i n g  th e  Data, C o n s t a n t ,  k
9 /1  ' 35 1 5 .0 0
10 /1  36 1 1 .8 0
2 6 /1  37 1 4 .72
5 2 /1  38 5 .3 0
% E r r o r  = ^ e x p e r i m e n t a l  fc -  c a l c u l a t e d , k j  } x  10Q
'  e x p e r im e n ta l  k /
A c/   S  (% E r r o r )












0 .10 0 .5 00.01
k ,  c a l c u l a t e d ,  c c /g m -se c
F ig u re  3 5 .  The E f f e c t i v e n e s s  o f  the Model fo r  th e  9 /1  S i03 /A l2 03
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k ,  c a l c u l a t e d ,  c c /g m -se c
F i g u r e  3 6 .  The E f f e c t i v e n e s s  o f  th e  Model f o r  th e  10 /1  S i0 s /A ls 0. 

















k ,  c a l c u l a t e d ,  c c /g m -se c
F ig u re  37 . The E f f e c t i v e n e s s  o f  the Model fo r  th e  2 6 /1  Si02 /ALj0g
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k ,  c a l c u l a t e d ,  cc /gm -sec
0 .4 0
F ig u re  3 8 .  The E f f e c t iv e n e s s  o f  th e  Model fo r  the 5 2 /1  Si02 /A l203
Pd-H-Mordenite to  P reduct th e  Rate C onstant.
The r e s u l t s  show a r e a s o n a b ly  s a t i s f a c t o r y  a g r e e ­
ment b e tw een  c a l c u l a t e d  and e x p e r im e n ta l  r a t e  c o n s t a n t  v a l u e s .  The 
h i g h e s t  a v e r a g e  % e r r o r  i s  15.00% w i t h  th e  model f o r  th e  9 /1  s i l i c a /  
a lu m in a  m ole  r a t i o  c a t a l y s t  and th e  lo w e s t  a v e r a g e  % e r r o r  i s  5 .3  w i t h  
th e  5 2 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a l y s t .
E . C o r r e l a t i o n  o f  P h y s i c a l  and C a t a l y t i c  P r o p e r t i e s
The u l t i m a t e  g o a l  o f  c a t a l y s i s  r e s e a r c h  i s  to  be  a b l e  t o  p r e d i c t  
t h e  r e a c t i v e  p r o p e r t i e s  o f  a  c a t a l y s t  from  a knowledge o f  i t s  p h y s i c a l  
p r o p e r t i e s .  I n  t h e  p a s t  tw e n ty  y e a r s ,  an  enormous e f f o r t  h a s  b een  
made i n  t h e  p u r s u i t  o f  t h i s  g o a l .  And y e t  th e  g o a l  h a s  s t i l l  n o t  b een  
a t t a i n e d .  However, a  much b e t t e r  u n d e r s t a n d in g  o f  th e  r e l a t i o n  b e tw een  
p h y s i c a l  and c a t a l y t i c  p r o p e r t i e s  now e x i s t s .  T hus , one o f  t h e  o b j e c ­
t i v e s  o f  t h i s  s tu d y  i s  t o  t r y  t o  r e l a t e  th e  m a c ro sc o p ic  p h y s i c a l  
p r o p e r t i e s  o f  t h e s e  c a t a l y s t s  t o  t h e i r  c a t a l y t i c  a c t i v i t y  In  o r d e r  to  
g a in  a  b e t t e r  u n d e r s t a n d in g  o f  th e  r e l a t i o n s  b e tw een  th e  two p r o p e r t i e s .  
The d i s c u s s i o n  o f  t h e s e  r e l a t i o n s h i p s  c o n s id e r e d  i n  t h i s  s tu d y  a r e  
g iv e n  i n  t h e  f o l lo w in g  s e c t i o n s .
1• C a t a l y s t  P h y s i c a l  P r o p e r t i e s
The m a c ro s c o p ic  p h y s i c a l  p r o p e r t i e s  w h ich  w ere  d e te r m in e d  
f o r  t h e s e  c a t a l y s t s  h av e  p r e v i o u s l y  b een  p r e s e n t e d  (p a g e  4 5 ) .  T h ese  
p r o p e r t i e s  a r e  th e  s u r f a c e  a r e a ,  t h e  s i l i c a / a l u m i n a  m ole  r a t i o ,  t h e  
sodium  c o n t e n t  and th e  amount o f  p a l la d iu m .
The amount o f  p a l l a d iu m  i s  a p p ro x im a te ly  t h e  same f o r  e a c h  
c a t a l y s t  a t  0 .5  w e ig h t  %. M oreover ,  i t  h a s  b een  shown t h a t  t h e  amount 
o f  p a l l a d iu m  ( 0 . 2  t o  1 . 0  w e ig h t  %) d o es  n o t  s i g n i f i c a n t l y  e f f e c t  t h e  
i s o m e r i z a t i o n  r a t e  o v e r  m o rd e n i te  c a t a l y s t s  (23) w i th  n - p e n ta n e  f e e d .
The sodium  c o n t e n t  i s  known to  be an im p o r ta n t  v a r i a b l e  in  
c a t a l y t i c  r e a c t i o n s .  T h is  i s  th e  r e a s o n  t h a t  t h e  sod ium  c o n t e n t  w i th  
t h e s e  c a t a l y s t s  has  b een  re d u c ed  t o  a  v e r y  low and a p p r o x im a te ly  e q u a l  
. l e v e l .  T h u s ,  i t  i s  f e l t  t h a t  th e  sodium c o n t e n t  h a s  b e en  e l i m i n a t e d  
a s  one o f  t h e  p h y s i c a l  p r o p e r t y  v a r i a b l e s .
The two p r o p e r t i e s  w hich  may be r e l a t e d  t o  t h e  c a t a l y t i c  
a c t i v i t y  o f  t h e  c a t a l y s t s  a r e  th e  s u r f a c e  a r e a  and t h e  s i l i c a / a l u m i n a  
• m ole  r a t i o .  , '
2 .  R e l a t i v e  C a t a l y s t  A c t i v i t y
I n  o r d e r  t o  r e l a t e  th e  c a t a l y t i c  and p h y s i c a l  p r o p e r t i e s ,  a  
m e asu re  o f  t h e  c a t a l y s t  a c t i v i t y  must be  d e t e r m in e d .  T h e re  a r e  two 
p o s s i b l e  in d e x e s  o f  c a t a l y t i c  a c t i v i t y .  One in d e x  com pares  t h e  tem­
p e r a t u r e s  r e q u i r e d  t o  a c h ie v e  th e  same r a t e  o f  r e a c t i o n .  • The o t h e r  
in d e x  com pares  t h e  r a t e s  o f  r e a c t i o n  o b ta in e d  a t  t h e  same t e m p e r a t u r e .  
B'oth m ethods  become a r b i t r a r y  i n  a p p l i c a t i o n  i f  t h e  e n e rg y  o f  a c t i v a ­
t i o n  i s  n o t  c o n s t a n t  f o r  a l l  t h e  c a t a l y s t s  b e in g  com pared .
The w eakness  o f  t h e  f i r s t  in d e x  i s  t h a t  t h e  r e l a t i v e  a c t i v i t y  
w i l l  v a r y  d e p e n d in g  on th e  r a t e  a t  w hich t h e  c a t a l y s t s  a r e  com pared . 
S i m i l a r l y ,  th e  w eakness  o f  t h e  second  in d e x  i s  t h a t  t h e  r e l a t i v e  
a c t i v i t y  w i l l  v a r y  d e p e n d in g  on th e  te m p e r a tu r e  a t  w h ich  th e  r a t e s  
a r e  com pared .
I t  w i l l  b e  r e c a l l e d  from t h e  summary A r r h e n iu s  p l o t s  (p a g e s  
8 5 ,  97) f o r  c y c lo h e x a n e  and n -p e n ta n e  t h a t  t h e r e  a r e  d i f f e r e n c e s  i n  
a c t i v a t i o n  e n e r g i e s  among t h e  c a t a l y s t s .  T h u s ,  t h e  r e l a t i v e  a c t i v i t i e s  
w i l l  be  s u b j e c t  t o  th e  a r b i t r a r y  s e l e c t i o n  o f  e i t h e r  a  t e m p e r a tu r e  o r  
a  r a t e  a t  w h ich  to  compare t h e  c a t a l y s t s .
I t  was f e l t  t h a t  a  v a l u e  o f  a  r a t e  c o n s t a n t  would be e a s i e r  
t o  c o r r e l a t e  w i th  th e  p h y s i c a l  p r o p e r t i e s  o f  th e  c a t a l y s t  th a n  a  v a l u e  
o f  a  t e m p e r a t u r e .  F o r  t h i s  r e a s o n ,  i t  was d e c id e d  to  compare t h e  
c a t a l y s t s  a t  t h e  same t e m p e r a t u r e .  A te m p e r a tu r e  was s e l e c t e d  w h ich  
was i n  t h e  r a n g e  o f  t e m p e r a t u r e s  i n v e s t i g a t e d  w i t h  t h e  9 / 1 ,  1 0 /1  
and 2 6 /1  s i l i c a / a l u m i n a  m ole r a t i o  c a t a l y s t s .  The 5 2 /1  s i l i c a / a l u m i n a  
m ole  r a t i o  m o rd e n i te  was n o t  i n v e s t i g a t e d  i n  t h i s  t e m p e r a t u r e  r a n g e  
b e c a u s e  t h e  c o n v e r s io n  would hav e  been  to o  low. , The r e l a t i v e  r a t e  
c o n s t a n t  was o b ta in e d  by  e x te n d in g  th e  A r r h e n iu s  p l o t  t o  t h e  s e l e c t e d  
t e m p e r a t u r e  w i th  th e  a c t i v a t i o n  e n e rg y  f o r  t h i s  c a t a l y s t .
The t e m p e r a t u r e  a t  w h ich  th e  r a t e  c o n s t a n t s  f o r  t h e  h y d r o ­
i s o m e r i z a t i o n  o f  c y c lo h e x a n e  w ere  compared was 4 9 2 . 8 P f  o r  a  v a l u e  o f  
t h e  r e c i p r o c a l  t e m p e r a tu r e  o f  1 .0 5  x  10 “ 3  °R .  The t e m p e r a t u r e  a t  
w h ich  t h e  a c t i v i t y  f o r  h y d r o i s o m e r iz in g  n -p e n ta n e  was com pared was 
5 5 0 ^  o r  a  v a l u e  o f  t h e  r e c i p r o c a l  t e m p e r a tu r e  o f  0 .9 9  x  10 " 3  ° R .
The r e l a t i v e  r a t e  c o n s t a n t s  and t h e  r e l a t i v e  a c t i v i t y  f o r  b o th  c y c l o ­
h ex an e  and n - p e n ta n e  w i th  e ach  o f  th e  f o u r  c a t a l y s t s  a r e  shown in  
T a b le  XL I  (p a g e  151) .
On t h i s  b a s i s  o f  c o m p a r iso n ,  t h e  m ost a c t i v e  c a t a l y s t  f o r  
c y c lo h e x a n e  i s o m e r i z a t i o n  i s  t h e  2 6 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a ­
l y s t  and t h e  l e a s t  a c t i v e  i s  t h e  5 2 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a ­
l y s t .
The m ost a c t i v e  c a t a l y s t  f o r  n - p e n ta n e  i s o m e r i z a t i o n  i s  t h e  
1 0 / 1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a l y s t  and th e  l e a s t  a c t i v e  i s  t h e  
5 2 /1  s i l i c a / a l u m i n a  m ole  r a t i o  c a t a l y s t .  A t t h i s  p o i n t  i n  t h e  a n a l y ­
s i s ,  t h e r e  a p p e a r s  to  be  no l o g i c a l  e x p l a n a t i o n  f o r  t h e  o r d e r  o f  th e  
a c t i v i t y .
T a b le  XLI. R e l a t i v e  A c t i v i t i e s  f o r  H y d r o is o m e r iz a t io n  o f
C yclohexane  and N -P en tane  o v e r  V a r io u s  M o r d e n i t e s .
‘ C yclohexane   N -P e n ta n e_____
P d -H -M o rd en ite  k ,  R e l a t i v e 1  k ,  R e l a t iv e ?
S iO g/A lgO s, mole r a t i o  c c /g m -se c  A c t i v i t y  e c /g m -se c  A c t i v i t y
9 /1 0 .0 7 9 0 44 0 .0 5 5 0 60
1 0 / 1 0.141C 79 0 .0 9 1 0 1 0 0
2 6 /1 0 .1 7 9 0 1 0 0 0 .0 6 9 0 76
5 2 /1 0 .0 0 7 1 4 0 .0 0 3 1 3 .4
1R e l a t i v e  a c t i v i t y  i s  b a s e d  on a  v a lu e  o f  k  o f  0 .1 7 9 0  
b e in g  = -1 0 0 .
3 R e l a t i v e  a c t i v i t y  i s  b a se d  on a v a lu e  o f  k  o f  0 .0 9 1 0  
b e in g  = 1 0 0 .
3 .  A C o r r e la t io n  o f  the R e la t iv e  A c t i v i t y  w i th  th e  S u rface  Area
and th e  S i0o /AlgO^ Mole R a t io
A summary o f  th e  c a t a l y s t  p h y s i c a l  p r o p e r t i e s  o f  S i 0 2 /A l 2 0 3  
and  s u r f a c e  a r e a  and th e  r e l a t i v e  r a t e  c o n s t a n t s  i s  g iv e n  i n  T a b le  XLII 
(p a g e  1 5 3 ) .
}
. The b e s t  c o r r e l a t i o n  o f  t h e  d a t a  f o r  t h e  c y c lo h e x a n e  i s o m e r­
i z a t i o n  i s  shown i n  F ig u r e  39 (page 1 5 4 ) .  The c o r r e l a t i o n  shows t h a t  
t h e  r e l a t i v e  a c t i v i t i e s  a r e  o n ly  a  f u n c t i o n  o f  t h e  s u r f a c e  a r e a .  The 
r e l a t i o n  i s  q u i t e  good. However, t h e r e  a r e  r e a l l y  n o t  enough d a t a  t o  
e x c lu d e  th e  e x i s t e n c e  o f  some o th e r  p a r a m e te r  t h a t  sh o u ld  a l s o  be 
c o n s i d e r e d .  A ls o ,  i t  sh o u ld  be r e c a l l e d  t h a t  t h e  r e l a t i v e  a c t i v i t y  in  
t h i s  r e l a t i o n  i s  b ased  on th e  a r b i t r a r y  s e l e c t i o n  o f . a  t e m p e r a tu r e  a t  
w h ich  t o  compare t h e  c a t a l y s t s .  A m ore com plex  c o r r e l a t i o n  would 
p r o b a b ly  r e s u l t  from o t h e r  c h o ic e s  o f  t h i s  t e m p e r a t u r e .
The b e s t  i n t e r p r e t a t i o n  o f  th e  d a t a  f o r  t h e  n - p e n ta n e  isom ­
e r i z a t i o n  i s  shown i n  F ig u r e  40 (p ag e  1 5 5 ) .  The l i n e s  th ro u g h  e ac h  
p o i n t  have  b een  a r b i t r a r i l y  drawn. I t  h a s  b e en  shown f o r  cy c lo h e x a n e  
t h a t  t h e  r a t e  d e c r e a s e s  w i t h  a  r e d u c t i o n  i n  s u r f a c e  a r e a .  T hus , th e  
same e f f e c t  o f  s u r f a c e  a r e a  h a s  b een  assum ed f o r  n - p e n t a n e .
Now c o n s id e r  th e  s i l i c a / a l u m i n a  r a t i o .  H aving a c c e p te d  th e  
a c t i v i t y  d e c r e a s e  w i th  a  d e c r e a s e  i n  s u r f a c e  a r e a ,  t h e  o n ly  a c c e p t a b l e  
c o r r e l a t i o n  w i th  s i l i c a / a l u m i n a  r a t i o  i s  f o r  t h e  a c t i v i t y  to  d e c r e a s e  
a s  t h e  r a t i o  i n c r e a s e s .  T hus , th e  t r e n d  o f  t h e  d a t a  t o  a  low er a c t i v ­
i t y  a s  t h i s  m ole r a t i o  i s  in c r e a s e d  was i n c o r p o r a t e d  i n t o  th e  p o s i t i o n  
o f  t h e  l i n e s .  One can  th u s  i n t e r p r e t  t h e  d a t a  i n  t h e  p l o t  as  f o l lo w s :  
The m ost a c t i v e  c a t a l y s t  f o r  n -p e n ta n e  i s o m e r i z a t i o n  w i l l  be one w hich  
ca n  b e  p r e p a r e d  w i th  a  low s i l i c a / a l u m i n a  m ole  r a t i o  and a  h ig h  s u r f a c e
T a b le  X L II .  A Summary o f  th e  P h y s i c a l  and C a t a l y t i c  P r o p e r t i e s
f o r  P d -H -M o rd en ite  o f  V a r io u s  S i0 2 /A lg0 3  Mole R a t io s
C a t a ly s t  P h y s ic a l  P r o p e r t ie s  C a ta ly s t  C a t a l y t i c  P r o p e r t ie s  .
L angm uir R e l a t i v e  R e a c t i o n  R a te  C o n s ta n t  
S i0 2  /AlgOg S u r f a c e  k f o r  nCg k  f o r  CyC6
m ole r a t i o  A r e a , tiP /gm @ 550°F * @ 492°F
9 /1  451 ’ 0 .0 5 5 0  0 .0 7 9 0
1 0 /1  532 0 .0 9 1 0  0 .1 4 1 0
2 6 /1  554 0 .0 6 9 0  0 .1 7 9 0
5 2 /1  252 0 .0 0 3 1  0 .0 0 7 1
iOO 200 300 400 500 600 700
S u r f a c e  A re a ,  Langm uir A d s o r p t i o n ,  n? /gm
The E f f e c t  o f  S u r fa c e  A rea  on t h e  R e l a t i v e  R e a c t io n  
F ig u r e  39 . R a te  C o n s ta n t  f o r  C yclohexane H y d r o i s o m e r iz a t i o n  
Over Pdr-H -M ordenites: S i l i c a /A lu m in a  Mole R a t i o s










S u r fa c e  A re a ,  L angm uir  A d s o r p t i o n ,  n? /gm
The E f f e c t  o f  S u r f a c e  A rea  and SiOg/AlgOg Mole R a t i o  
F ig u r e  4 0 .  on th e  R e l a t i v e  R a te  C o n s ta n t  f o r  N -P e n ta n e  Hydro­
i s o m e r i z a t i o n  Over P d -H -M o rd e n i te s :  S i l i c a /A lu m in a
Mole R a t i o s  a r e  I n d i c a t e d .
a r e a .  I f  one co u ld  b e l i e v e  th e  a c c u ra c y  o f  t h i s  p l o t ,  i t  i s  s ee n  t h a t  
a t  a  s u r f a c e  a r e a  o f  o f  500 n? /gm th e  9 /1  s i l i c a / a l u m i n a  m ole r a t i o  
c a t a l y s t  would be th e  m ost a c t i v e  and would b e  1 . 8  t im e s  a s  a c t i v e  
a s  t h e  1 0 / 1  s i l i c a / a l u m i n a  mole r a t i o  c a t a l y s t .
A summary o f  t h e  d i s c u s s i o n  o f  th e  c o r r e l a t i n g  o f  t h e  p h y s i ­
c a l  and c a t a l y t i c  p r o p e r t i e s  o f  t h e s e  c a t a l y s t s  i s  a s  f o l l o w s :
The r e l a t i v e  a c t i v i t y  o f  th e s e  f o u r  c a t a l y s t s  have  been  
d e te r m in e d  by com paring  t h e  r a t e  c o n s t a n t s  a t  a  .g iv e n  t e m p e r a t u r e .
T h i s  was done f o r  th e  h y d r o i s o m e r i z a t i o n  r e a c t i o n  o f  b o th  c y c lo h e x a n e  
and n - p e n ta n e .  These  r e l a t i v e  r a t e  c o n s t a n t s  h av e  b e e n  c o r r e l a t e d  
w i t h  t h e  s i l i c a / a l u m i n a  m ole r a t i o  and th e  s u r f a c e  a r e a  o f  t h e  
c a t a l y s t s .
I t  has  b een  q u a l i t a t i v e l y  r a t i o n a l i z e d  t h a t  t h e  a c t i v i t y  o f  
t h e s e  c a t a l y s t s  i s  a  f u n c t i o n  o f  s u r f a c e  a r e a  a lo n e  i n  t h e  i s o m e r i ­
z a t i o n  o f  c y c lo h e x a n e .  And t h a t  th e  a c t i v i t y , i s  a  f u n c t i o n  o f  b o th  
s u r f a c e  a r e a  and s i l i c a / a l u m i n a  mole r a t i o  i n  t h e  i s o m e r i z a t i o n  o f  
n - p e n t a n e .  The a c t i v i t y  i n c r e a s e s  w i th  an  i n c r e a s e  i n  s u r f a c e  a r e a  
and  w i th  a  d e c r e a s e  i n  s i l i c a / a l u m i n a  m ole  r a t i o .
F .  H y d ro c rack in g
The t o t a l  p r o d u c t s  from th e  h y d ro c ra c k in g  r e a c t i o n  have  b een  low 
i n  a lm o s t  a l l  o f  th e  e x p e r im e n ts  o f  t h i s  s t u d y .  N o rm a l ly ,  t h e  t o t a l  
h y d ro c ra c k e d  p r o d u c t  was l e s s  th a n  t h r e e  m o le s  p e r  1(30 m o les  o f  c y c l o ­
h ex an e  f e e d .  As a  r e s u l t ,  i t  h a s  b een  assum ed t h a t  t h e  i s o m e r i z a t i o n  
r e a c t i o n  was n o t  a f f e c t e d  by th e  s m a l l  amount o f  h y d r o c r a c k i n g .  The 




A. C o n c lu s io n s
Four Pd-H -m ordenite c a t a l y s t s  o f  v a ry in g  s i l i c a / a l u m i n a  mole r a t i o  
have been e v a lu a te d  w ith  th e  is o m e r iz a t io n  r e a c t io n s  o f  c y c lo h ex a n e  and 
n -p e n ta n e  in  th e  p rese n c e  o f  hydrogen. The r e s u l t s  from t h e s e  e v a lu a ­
t i o n s  a r e  summarized in  th e  fo l lo w in g  s ta te m e n ts .
1 .  The e q u i l i b r i u m  c o m p o s i t io n  f o r  t h e  i s o m e r i z a t i o n  r e a c t i o n  o f  
c y c lo h e x a n e  h a s  b een  d e te r m in e d  o v e r  th e  t e m p e r a t u r e  r a n g e  o f  440^F to  
55CPF. T rue  e q u i l i b r i u m  c a n n o t  be  c la im ed  a s  t h e  v a l u e s  w e re  d e t e r ­
m ined  i n  a f lo w  r e a c t o r .  However, th e  v a lu e s  r e p o r t e d  r e p r e s e n t  a 
c l o s e  a p p ro a c h  t o  e q u i l i b r i u m  b e c a u s e  th e y  w ere  d e te r m in e d  by  m e a su r­
in g  t h e  c o m p o s i t io n  s t a r t i n g  w i th  b o th  c y c lo h e x a n e  and m e th y lc y c lo -  
p e n t a n e .  The e q u i l i b r i u m  c o m p o s i t io n  o f  m e th y lc y c lo p e n ta n e  (MCP) in  
t h e  t o t a l  o f  MCP p l u s  c y c lo h e x a n e  i s  67.7% a t  4 4 0 °F ,  73.9% a t  491°F 
and 79.2% a t  55CPF.
2 .  The r a t e  o f  r e a c t i o n  f o r  c y c lo h e x a n e  i s o m e r i z a t i o n  h a s  been  
shown t o  f o l l o w  a  f i r s t - o r d e r  r e v e r s i b l e  r e a c t i o n  f o r  e a c h  o f  t h e  f o u r  
c a t a l y s t s :  9 / 1 ,  1 0 /1 ,  2 6 /1  and 5 2 /1  S i O g / A L ^  m ole  r a t i o  Pd-H -
m o r d e n i t e .
3 .  The r a t e  o f  r e a c t i o n  has  been  shown t o  be  in d e p e n d e n t  o f  
d i f f u s i o n  w i t h i n  t h e  m a c ro p o re s  o f  th e  p i l l e d  c a t a l y s t  p a r t i c l e s  o f  th e  
1 0 /1  SiOg/ALjOa m ole r a t i o  c a t a l y s t .  The m a c ro p o re s  o f  t h e  o t h e r  t h r e e
c a t a l y s t s  a r e  a t  l e a s t  a s  l a r g e  a s  th o s e  o f  t h e  1 0 /1  S i0 3 /A l2 03  c a t a ­
l y s t  b e c a u s e  some o f  th e  s t r u c t u r e  h a s  b e e n  rem o v ed . T h u s ,  t h e  r a t e  
o f  r e a c t i o n  h a s  b een  c o n s id e r e d  to  b e  i n d e p e n d e n t  o f  m acro p o re  
d i f f u s i o n  f o r  t h e s e  c a t a l y s t s  a l s o .  I t  w as n o t  p o s s i b l e  t o  e v a l u a t e  
d i f f u s i o n  in- m ic r o p o r e s  b e c a u s e  c r y s t a l l i t e s  o f  v a r y i n g  s i z e s  w ere  n o t  
a v a i l a b l e .  M ic ro p o re  d i f f u s i o n a l  e f f e c t s ,  i f  a n y ,  a r e  th u s  i n c lu d e d  
i n  t h e  d e te r m in e d  r e a c t i o n  r a t e .
4 .  I s o m e r i z a t i o n  r a t e s  w ere  found t o  be v e r y  t e m p e r a t u r e - s e n s i ­
t i v e  f o r  a l l  f o u r  ty p e  c a t a l y s t s .  • T h is  w as d e m o n s t r a t e d  f o r  b o th  
c y c lo h e x a n e  and n - p e n ta n e  h y d r o i s o m e r i z a t i o n .  The e n e r g i e s  o f  a c t i ­
v a t i o n  f o r  b o th  r e a c t i o n s  a r e :
C a t a l y s t  SiOg/ALgOg, ________ A c t i v a t i o n  E n e rg y ,  k c a l / m o l  (db 2q)________
 m ole  r a t i o  C yclohexane    n - P e n ta n e ____
9 /1  3 3 .1 8  ±  1 .1 8  (4 6 0 -5 4 0 )  3 5 .6 9  ±  2 .7 1  (520-610)
10 /1  3 5 .5 2  ±  2 .4 0  (4 0 2 -5 0 2 )  3 8 .0 1  ±  2 .1 1  (491-581)
2 6 /1  2 9 .4 2  ±  2 .0 8  (4 2 7 -5 2 0 )  4 9 .4 1  ±  3 .0 0  (500-580)
5 2 /1  2 3 .8 7  ±  2 .8 7  (5 4 6 -6 5 5 )  3 6 .8 4  ±  1 .9 5  (572-669)
I n  t h e  above  t a b u l a t i o n ,  th e  ( ) i n d i c a t e  t e m p e r a t u r e  r a n g e ,  ° F ,  o f
d e t e r m i n a t i o n .  T hese  a c t i v a t i o n  en e rg y  v a l u e s  f a l l  i n  t h e  same ra n g e  
a s  v a l u e s  r e p o r t e d  f o r  t h e s e  r e a c t i o n s  w i t h  c o n v e n t i o n a l  l a r g e - p o r e  
c a t a l y s t s .
5 .  The e f f e c t  o f  i n d i v i d u a l  p a r t i a l  p r e s s u r e s  on t h e  c y c lo h e x a n e  
i s o m e r i z a t i o n  r a t e s  w ere  found  to  b e  a s  f o l l o w s :
a .  The r a t e  d e c r e a s e d  w i th  a n  i n c r e a s e  i n  c y c lo h e x a n e  p l u s  
m e th y lc y c lo p e n ta n e  p a r t i a l  p r e s s u r e  a t  c o n s t a n t  h y d ro g e n  p a r t i a l  
p r e s s u r e  f o r  a l l  c a t a l y s t s  and c o n d i t i o n s  e v a l u a t e d .
b .  The r a t e  d e c r e a s e d  w i th  an  i n c r e a s e  i n  h y d ro g en  p a r t i a l  
p r e s s u r e  a t  c o n s t a n t  h y d ro c a rb o n  p a r t i a l  p r e s s u r e  f o r  th e  9 /1  and 10/1  
SiOg/AlgOa m ole r a t i o  c a t a l y s t s .
c .  The r a t e  was in d e p e n d e n t  o f  t h e  h y d ro g e n  p a r t i a l  p r e s s u r e  
a t  c o n s t a n t  h y d ro c a rb o n  p a r t i a l  p r e s s u r e  w i th  t h e  5 2 /1  S i0 2  /A lg0 3  mole 
r a t i o  c a t a l y s t  and was n o t  d i r e c t l y  e v a l u a t e d  f o r  t h e  e f f e c t  o f  h y d ro ­
gen  p a r t i a l  p r e s s u r e  w i th  th e  2 6 /1  SiOg/AlgOg m ole  r a t i o  c a t a l y s t .  .
6 . The ob se rv ed  e x p e r im e n ta l  r e s u l t s  h a v e tb e e n  i n c o r p o r a t e d  i n  a 
model f o r  e ac h  o f  th e  fo u r  c a t a l y s t s .  The r e s u l t s  o b t a in e d  i n  d e v e lo p ­
in g  t h e s e  m odels  a r e  a s  f o l lo w s :
a .  A d u a l - s i t e  m odel o f  t h e  g e n e r a l  fo rm :
■ r  M o f a - P n / I Q  
n
(1 +  S PiKj)2
i= l
has  b een  a c c e p te d  as th e  one g iv in g  t h e  m o s t  p h y s i c a l l y  c o r r e c t  r e p r e ­
s e n t a t i o n  o f  t h e  d a ta  f o r  each  o f  t h e  f o u r  c a t a l y s t s .
b .  An i n c r e a s e  i n  t e m p e r a t u r e  c a u s e s  t h e  model r a t e  
c o n s t a n t ,  kQ, t o  i n c r e a s e  and t h e  h y d ro c a rb o n  and  h y d ro g e n  a d s o r p t i o n  
c o n s t a n t s ,  Kq , Kn , t o  d e c r e a s e  f o r  t h r e e  o f  t h e  f o u r  c a t a l y s t s .  T h is  
o b s e r v a t i o n  i s  q u a l i t a t i v e l y  i n  a g re e m e n t  w i t h  t h e  e x p e c te d  p h y s i c a l  
b e h a v io r  f o r  t h e s e  model c o n s t a n t s .  The a d s o r p t i o n  c o n s t a n t s  f o r  th e  
2 6 /1  SiOg/ALgOg mole r a t i o  c a t a l y s t  c an  o n ly  b e  i n t e r p r e t e d  a s  e m p ir ­
i c a l  a s  th e y  d i d  n o t  f o l l o w  a  p h y s i c a l l y  r e a l i s t i c  b e h a v i o r .
c .  An e v a l u a t i o n  o f  t h e  m ode ls  was made by  com paring  th e  
p r e d i c t e d  r a t e  c o n s t a n t  f o r  t h e  o v e r - a l l  r e a c t i o n  t o  th e  e x p e r im e n t a l ly  
d e te rm in e d  v a l u e  over th e  r a n g e  o f  c o n d i t i o n s  e v a l u a t e d .  The a v e ra g e
% e r r o r  was 15.0%, 11.8%, 14.7% and 5.3% f o r  t h e  9 / 1 ,  1 0 /1 ,  2 6 /1  and 
5 2 /1  SiOg/AlgCh mole r a t i o  c a t a l y s t s  r e s p e c t i v e l y .
7 . A c o r r e l a t i o n  betw een th e  c a t a l y t i c  p r o p e r t i e s  and th e  p h y s i ­
c a l  p r o p e r t i e s  o f  th e  c a t a l y s t s  has  been  p o s t u l a t e d .  The c a t a l y s t  
r e l a t i v e  a c t i v i t y  has been  c o r r e l a t e d  w i th  th e  s u r f a c e  a r e a  a lo n e  f o r  
t h e  c y c lo h e x a n e  i s o m e r i z a t i o n .  The a c t i v i t y  i n c r e a s e s  a s  t h e  s u r f a c e  
a r e a  i n c r e a s e s .  The r e l a t i v e  a c t i v i t y  f o r  n - p e n ta n e  i s o m e r i z a t i o n  
h a s  been  r a t i o n a l i z e d  t o  be a  f u n c t io n  o f  s u r f a c e  a r e a  and S i0 2 /A l 3 03  
m ole r a t i o .  The a c t i v i t y  i n c r e a s e s  a s  s u r f a c e  a r e a  i n c r e a s e s  and a s  
SiOg/AlgOs d e c r e a s e s .  ,
B. Recommendations .
T h is  s tu d y  has  made an i n i t i a l  s t e p  tow ard  a  b e t t e r  u n d e r s t a n d in g  
o f  t h e  r e l a t i o n  be tw een  th e  p h y s i c a l  and c a t a l y t i c  p r o p e r t i e s  o f  a 
s e r i e s  o f  m o rd e n i te  c a t a l y s t s .  Many more c o m p a r iso n s  o f  c a t a l y s t  
a c t i v i t y  w i t h  s u r f a c e  a r e a  and s i l i c a / a l u m i n a  m ole  r a t i o  w i l l  be 
r e q u i r e d  t o  s u b s t a n t i a t e  any q u a n t i t a t i v e  r e l a t i o n s h i p  f o r  th e  i s o m e r­
i z a t i o n  r e a c t i o n .  The r e l a t i o n  o f  th e  c a t a l y s t  a c t i v i t y  f o r  o th e r  
r e a c t i o n s  s u ch  a s  h y d ro c ra c k in g  and r e fo rm in g  w i t h  t h e  c a t a l y s t  p h y s i ­
c a l  p r o p e r t i e s  co u ld  a l s o  add to  our u n d e r s t a n d in g  o f  t h e s e  z e o l i t e  
c a t a l y s t s .  O th e r  p h y s i c a l  m easurem ents  o f  th e  c a t a l y s t s ,  such  a s  
some m easure  o f  th e  " a c i d i t y "  o f  th e  c a t a l y s t s ,  s h o u ld  a l s o  be i n v e s t i ­
g a t e d .  T h i s  co u ld  g i v e  f u r t h e r  i n s i g h t  i n t o  t h e  p o s t u l a t e d  c o r r e l a t i o n  
a s  t h e  i s o m e r i z a t i o n  a c t i v i t y  shou ld  be  r e l a t e d  t o  t h e  " a c i d i t y " .
S t u d i e s  o v e r  w id e r  ra n g e s  o f  p a r t i a l  p r e s s u r e  c o u ld  g iv e  a  b e t t e r  
e v a l u a t i o n  o f  th e  a p p l i c a t i o n  o f  th e  a d s o r p t i o n - s i t e  t h e o r y  to  t h e s e  
c r y s t a l l i n e  c a t a l y s t s .
A q u a n t i t a t i v e  e v a l u a t i o n  o f  th e  e f f e c t  o f  m ic r o p o r e  d i f f u s i o n  i s
i
one o f  t h e  m ost o b v io u s  and a t  th e  same t im e  one o f  th e  m ost d i f f i c u l t  
i n v e s t i g a t i o n s  w hich sh o u ld  and w i l l  no d o u b t  e v e n t u a l l y  be  made.
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C a t a l y s t  Type Pd on H - F a u j a s i t e
S i z e ,  mm 0 .2 3 - 1 .4 1
T e m p e ra tu re ,  ° F  » 440
P r e s s u r e ,  p s i a  465
F eed :
C y c lo h ex an e  36
v / h r / v  0 .2 7
w /h r /w  0 .4 3
H ydrogen , p s i a  429
M in u te s  on Feed  873
P r o d u c t ,  m oles  p e r  
1 0 0  m o les  f e e d
Hydrogen 1 2 3 1 .0 2
M ethane  0 .0 0
E th a n e  0 .0 0
P r o p a n e . 0 .0 0
1 -B u ta n e  0 .7 0
N -B utane  0 .0 9
I - P e n t a n e  0 .5 2
N -P e n ta n e  0 .0 0
D im e th y lb u ta n e  0 .0 0
2 M e th y lp e n ta n e  2 .4 5
3 M e th y lp e n ta n e  0 .9 5
N-Hexane 1 .1 9
M e th y lc y c lo p e n ta n e  (MCP) 6 3 .9 7
C y c lo h ex an e  (CH) 3 0 .4 8
C yc lo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH) , % 6 7 .7 0




C a t a l y s t  Type Pd on H - F a u ja s i t e
S i z e ,  mm 0 .2 3 - 1 .4 1
T e m p e ra tu re ,  ° F  442
P r e s s u r e ,  p s i a  465
I
F e e d :
M eth y lc y c lo p en ta n e ,  p s ia  34
v / h r / v  0 .2 7
w /h r /w  0 .4 3
H y d ro g en , p s i a  431
M in u te s  on Feed 1475
P r o d u c t ,  m o les  p e r  
1 0 0  m o les  fe e d
Hydrogen 1289 .00  1290.37
M ethane  0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p a n e  1 .2 9  0 .7 1
I - B u ta n e  9 .8 7  7 .0 4
N -B utane ' 0 .7 7  1 .1 4
I - P e n t a n e  2 .5 4  1 .4 0
N -P e n ta n e  1 .3 7  0 .9 6
D im e th y lb u ta n e  * 0 .0 0  0 .0 0
2 M e th y lp e n ta n e  3 .6 0  3 .0 7
3 M e th y lp e n ta n e  1 .5 1  2 .4 4
N-Hexane 1 .4 7  1 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 5 8 .2 4  5 7 .4 3
C y c lo h ex an e  (CH) 2 4 .1 8  • 28 .29
C y c lo h ex en e  0 .0 0  0 .0 0
B enzene  0 .0 0  0 .0 0
MCP/(MCP +  CH), % 7 0 .6 6  '6 7 .0 0




C a t a l y s t  Type 
S i z e ,  mm
T e m p e ra tu re ,  ° F  
P r e s s u r e *  p s i a
F eed:
C y c lo h ex a n e ,  p s i a  
v / h r / v  
w /h r /w
Hydrogen, p s i a
M inu tes  on Feed
P r o d u c t ,  m o le s  p e r  
1 0 0  m o le s  f e e d
Hydrogen 
M ethane 
E th an e  
P ro p an e  
I - B u ta n e  
N -B utane  
I - P e n t a n e  
N -P e n ta n e  
' D im e th y lb u ta n e
2 M e th y lp e n ta n e
3 M e th y lp e n ta n e  
N-Hexane
M e th y lc y c lo p e n ta n e  (MCP) 
C yc lo h ex an e  (CH) 
C yc lo h ex en e  
Benzene
MCP/(CMP +  CH) , 7,
C rack ing, %
Pd on H -F a u ja s ite  


















2 .42  
2 .2 7  
56 .83  








C a t a l y s t  Type Pd on H - F a u j a s i t e
S i z e ,  mm <• 0 .2 3 - 1 .4 1
T e m p e ra tu re ,  ° F  491
P r e s s u r e ,  p s i a  * 465
Feed:
C yc loh exan e , p s ia  41
v / h r / v  1-09
w /h r /w  1 .7 3
H ydrogen , p s i a  423
M in u te s  on F eed  2408
P r o d u c t ,  m o le s  p e r  
1 0 0  m o les  fe e d
H ydrogen 1008 .67
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  1 .5 8
I-B u ta n e '  6 .5 4
N -B u tane  0 .54
1 - P e n ta n e  2 .43
N -P e n ta n e  0 .6 2
D im e th y lb u ta n e  0 . 0 0
2 M e th y lp e n ta n e  3 .3 5
3 M e th y lp e n ta n e  ' 2 . 3 6
N-Hexane 1 .37
M e th y lc y c lo p e n ta n e  (MCP) 6 2 .7 4
C y c lo h ex a n e  (CH) 2 2 .14
C y clo h ex e n e  0 .0 0
B enzene 0 .0 0
MCP/(MCP + CH), %






C a t a l y s t  Type Pd on H - F a u j a s i t e
S i z e ,  mm 0 .2 3 - 1 .4 1
T e m p e ra tu re ,  °F  494
P r e s s u r e ,  p s i a  ‘ 465
F eed :
M eth y lcyc lop en tan e , p s i a  36
v / h r / v  1 .09
w/hr/w 1 .6 3
H ydrogen, p s i a  429
M inu tes  on Feed 3133
P r o d u c t ,  m oles p e r  
1 0 0  m oles feed
Hydrogen 1135.39
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  2 .7 6
I- B u ta n e  1 1 .3 3
N-Butane 1 .9 4
I - P e n ta n e  5 .2 1
N -P en tane  1 .0 9
D im e th y lb u tan e  0 .0 0  •
2 M e th y lp en ta n e  4 .5 3
3 M e th y lp en ta n e  2 .5 6
N-Hexane 2 .1 3
M e th y lc y c lo p e n ta n e  (MCP) 5 5 .7 0
C yclohexane  (CH) 19•62
C yclohexene 0 .0 0
Benzene 0 .0 0
MCP/(MCP + CH), % 7 3 .9 5




C a t a l y s t  Type Pd on H - F a u j a s i t e
S i z e ,  mm 0 .2 3 - 1 .4 1
T e m p e ra tu re ,  ° F  568
P r e s s u r e ,  p s i a  * 465
F eed :
M e th y lc y c lo p e n ta n e ,  p s i a  41
v / h r / v  4 .0 8
w /h r /w  6 .0 8
H ydrogen, p s i a  424
M in u te s  on Feed 3502
P r o d u c t ,  m oles p e r  
1 0 0  m oles f e e d
Hydrogen 
Methane 
E th an e  
P ro p an e  
I - B u ta n e  
N -Butane 
I - P e n ta n e  
N -P en tan e  
D im e th y lb u ta n e
2 M e th y lp en ta n e
3 M e th y lp en ta n e  
N-Hexane
M e th y lc y c lo p e n ta n e ; (MCP)
C yclohexane  (CH)
C yclohexene  
Benzene
971 .23
0 . 0 0
0 . 0 0
8 . 1 1
60 .28
6 .61
2 0 . 2 1
1 .96
1 .1 4





0 . 0 0
0 . 0 0
MCP/(MCP +  CH), %
C rack ing, %
7 9 .1 0




C a t a l y s t  Type 
S i z e ,  mm
T e m p e ra tu re ,  ° F  
P r e s s u r e ,  p s i a
Feed:
C y clo h ex an e ,  p s i a  
v / h r / v  
w /h r /w
Hydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m oles  p e r  




P ro p an e
I -B u ta n e
N-Butane
I-P en tan e
N -P en tane
Dim ethylbutane
2 M eth y lp en ta n e
3 M e th y lp en ta n e  
N-Hexane
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane  (CH) 
C yclohexene  
Benzene
MCP/(MCP +  CH) , %
C rack ing, %
0G j
i
Pd on H -F a u ja s ite  




















5 7 .7 2
1 5 .1 7  
0.00  
0.00
7 9 .1 8




C a t a l y s t  Type Pd on H -M orden ite
SiOg/AlgOa, m ole r a t i o  1 0 / 1
S i z e , mm 0 .1 4 7 - 0 .8 3 3
T e m p e ra tu re ,  ° F  548
P r e s s u r e ,  p s i a  » 465
N -P e n ta n e ,  p s i a  ' 109
v / h r / v  8 .1 6
w /h r /w  9 .8 5
H ydrogen, p s i a  355
M inu tes  on Feed  70 92
P r o d u c t ,  m oles  p e r
100 m oles  N-CU fed
Hydrogen 3 2 2 .1 6  3 2 2 .2 5
M ethane 0 .0 0  '0 .0 0
E th an e  0 .2 5  0 .2 5
P ropane  0 .2 3  0 .2 4
I - B u ta n e  0 .2 1  0 .2 4
N -B utane 0 .3 8  0 .4 2
I - P e n ta n e  2 5 .6 2  2 6 .59
N -P en tan e  7 2 .6 7  71 .09
Hexanes 0 .5 2  1 .31
IC^ /PC^ , 7. 2 6 .0 6  27 .22
C ra c k in g ,  % 1 .7 1  2 .3 3
Hydrogen B a la n c e ,  % 9 9 .6 7  99 .67




C a t a l y s t  Type Pd on H -M o rd e n i te
SlOg/ALgO^ , m ole r a t i o  1 0 / 1  1
S i z e ,  mm 0 .1 4 7 - 0 .8 3 3
T e m p e ra tu re 491
P r e s s u r e ,  p s i a  ‘ 465
N -P e n ta n e ,  p s i a  108
v / h r / v  * 8 .1 6
w /h r /w  9 .8 5
H ydrogen , p s i a  356
M in u te s  on Feed 144 158
P r o d u c t ,  m oles  p e r
100 m o les  N-Cr fe d
Hydrogen 3 3 0 .8 3 3 3 0 .8 4
M ethane 0 . 0 0 0 . 0 0
E th an e 0 .1 4 0 .1 3
Pro p an e 0 . 1 2 0 . 1 1
I - B u ta n e 0 . 1 2 0 . 1 1
N -B utane 0 .2 5 0 .2 3
I - P e n ta n e 4 . 2 8 4 .2 3
N -P en tan e 9 4 .7 5 9 4 .86
Hexanes 0 .4 5 0 .4 3
IC^ /PCg , % 4 .3 2 4 .2 7
C r a c k in g ,  % 0 .9 7 0 .9 1
Hydrogen B a la n c e ,  % 1 0 0 .2 4 100 .24




C a t a l y s t  Type
SiOa/AlgOg , m ole  r a t i o  
S i z e ,  mm
T e m p e ra tu re ,  ° F
P r e s s u r e ,  p s i a
N -P e n ta n e ,  p s i a  
v / h r / v  
w /h r /w
H ydrogen, p s i a
M in u te s  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  N-G; fe d
Hydrogen
M ethane
E th a n e
P ro p an e
I - B u ta n e
N -B utane
I - P e n t a n e
N -P en ta n e
Hexanes
T C ^ / P C ^ ,  %
C r a c k in g , %
Hydrogen B a la n c e ,  %
10
i
Pd on H -M o rd en ite  
10/1 














1 1 .9 4
8 6 .8 1
0 .6 7
1 2 .0 9
1 .2 5
1 0 0 .2 9




C a t a l y s t  Type Pd on H -M ordenite
SiOig/ALgOg, m ole  r a t i o  10/1
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re ,  ° F  , 571
P r e s s u r e ,  p s i a  465
N -P e n ta n e ,  p s i a  106
v / h r / v  8 .16
w /h r /w  9*85
H ydrogen , p s i a  359
M in u te s  on Feed 295 321
P r o d u c t ,  m oles  p e r
100 m o les  N-CU fed
H ydrogen 331 .52  3 3 1 .5 8
M ethane 0 .0 0  0 .0 0
E th a n e  0 .3 4  0 .3 2
P ro p a n e  0 .2 6  0 .2 5
I - B u ta n e  0 .1 9  0 .2 1
N -B u tane  0 .4 5  0 .4 5
I - P e n t a n e  3 3 .8 4  3 2 .3 1
N -P e n ta n e  6 4 .3 1  6 5 .5 5
H exanes 0 .8 7  1 .1 1
IC ^ /P C g , % 3 4 .4 5  3 3 .0 5
C r a c k in g ,  % 1 .8 5  2 .1 4
Hydrogen B a la n c e ,  % 9 9 .1 7  9 9 .1 7




C a t a l y s t  Type Pd on H -M ordenite
SiQg /AlgOg 10 /1
S i z e ,  mm 0 .1 4 7 - 0 .8 3 3
T e m p e ra tu re ,  ° F  ‘ 402
P r e s s u r e ,  p s i a  . 465
C y c lo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r /w  4 .0 7
Hydrogen, p s i a  421
M inu tes  on Feed  440 621
P r o d u c t ,  m o les  p e r
100 m oles  C y c lo h ex a n e  fed
Hydrogen 9 6 8 .0 8  9 6 8 .0 8
Methane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -Butane 0 .0 0  0 .0 0
I - P e n ta n e  0 . 0 0  0 . 0 0
N -P en tane  , 0 .0 0  0 .0 0
Hexanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 2 .2 6  2 .7 2
C yclohexane  (CH) 9 7 .7 4  9 7 .2 8
C yclohexene  0 .0 0  O.OOi
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 .2 6  2 .7 2
C ra c k in g ,  % 0 .0 0  0 .0 0
Hydrogen B a la n c e ,  % 1 0 0 .3 2  100 .32
R ate C onstant k , c c /g m -se c 0 .0 0 4 1 0 .0 0 4 9
TABLE A
RUN DATA
Run D a ta  2B
C a t a l y s t  Type Pd on H -M ordenite
SiCXg/ALgOa, m ole  r a t i o  1 0 / 1
S i z e ,  mm 0 .1 4 7 - 0 .8 3 3
T e m p e ra tu re ,  ° F  *437
P r e s s u r e ,  p s i a  . 465
C y c lo h e x a n e ,  p s i a  44
v / h r / v  2 .7 3
w /h r /w  4 .0 7
H ydrogen, p s i a  421
M in u te s  on Feed 682 709
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  f e d
Hydrogen 9 6 1 .3 4 9 6 1 .3 4
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 0 0
I - B u ta n e 0 . 0 0 0 . 0 0
N -B utane ' 0 . 0 0 0 . 0 0
I - P e n t a n e 0 . 0 0 0 . 0 0
N -P e n ta n e 0 . 0 0 0 . 0 0
Hexanes 0 . 0 0 0 . 0 0
M e th y lc y c lo p e n ta n e  (MCP) 7 .9 8 7 .5 0
C yc lo h ex an e  (CH) 9 2 .0 2 9 2 .5 0
C yc lo h ex en e 0 . 0 0 0 . 0 0
Benzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 7 .9 8 7 .5 0
C r a c k in g ,  % 0 . 0 0 0 . 0 0
H ydrogen B a la n c e ,  % 9 9 .6 8 9 9 .6 8




C a t a l y s t  Type Pd on H-Morder
S i 0 2 /A 1 3 Q3 , m ole  r a t i o 1 0 / 1
S i z e ,  mm 0 .1 4 7 -0 .8 3 2
T e m p e ra tu re ,  ° F • 480
P r e s s u r e ,  p s i a  . 465
C y c lo h e x a n e ,  p s i a 44
v / h r / v 2 .7 3
w /h r /w 4 .0 7
H ydrogen , p s i a 421
M in u te s  on Feed 813
P r o d u c t ,  m o le s  p e r
100 m o le s  C yc lo h ex an e  fed
Hydrogen 9 6 7 .3 4
M ethane 0 . 0 0
E th an e 0 . 0 0
P ro p an e 0 . 0 0
1 -B u ta n e 0 . 0 0
N -B utane ' 0 . 0 0
I - P e n t a n e 0 . 0 0
N -P e n ta n e 0 . 0 0
Hexanes 1 .4 4
M e th y lc y c lo p e n ta n e  (MCP) 3 8 .7 3
C y clo h ex a n e  (CH) 5 9 .8 3
C y c lo h ex e n e 0 . 0 0
Benzene 0 . 0 0
MCP/(MCP +  CH), % 3 9 .2 9
C r a c k i n g , % 1 .4 4
Hydrogen B a la n c e ,  % 100 .15
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .1 0 9 2
TABLE A
RUN DATA
Run Number 2D i
j
C a ta ly s t  Type Pd on H -M orden ite
S iO g/A l^O a, m ole  r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  * 502
P r e s s u r e ,  p s i a  > 465
C y clo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .0 7
H ydrogen, p s i a  421
M inu tes on F eed  962
P ro d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
Hydrogen 9 6 7 .6 4
- M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  1 .04
I-B u ta n e  0 .8 0
N -B utane 1 .36
I - P e n ta n e  0 .0 0
N -P en tan e  0 .0 0
H exanes 1 .26
M e th y lc y c lo p e n ta n e  (MCP) 5 3 .1 4
C y clo h ex an e  (CH) 4 3 .6 4
C y clo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  C H ), % 5 4 .9 1
C ra c k in g , % 3 .2 3
Hydrogen B a la n c e , % 101 .70




C a ta ly s t  Type Pd on H -M ordenite
SiO a/A lLO o, m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  * 449
P r e s s u r e ,  p s i a  . ' . 465
C y clo h ex an e , p s i a  43
v / h r / v  2 .73
w /h r/w  4 .07
H ydrogen, p s i a  422
M inu tes on Feed  1074
P ro d u c t ,  m o les p e r
100 m o les  C y clohexane  fed
H ydrogen 974.12
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I-B u ta n e  0 .0 0
N-Butane" 1 .2 3
I - P e n ta n e  0 .0 0
N -P en tan e  0 .0 0
H exanes 0 .5 5
M e th y lc y c lo p e n ta n e  (MCP) 13 .05
C yclohexane (CH) 85 .57
C y clohexene  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH), 7. 13 .23
C ra c k in g , % 1 .3 8
Hydrogen B a la n c e , % 99 .63




C a ta ly s t  Type Pd on H -M orden ite
SiO g/A lgO s, m ole  r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T em p e ra tu re , °P  , 480
P r e s s u r e ,  p s i a  465
C y clo h ex an e , p s i a  43
v / h r / v  2 .7 3
w /h r/w  4 .0 7
H ydrogen, p s i a  422
M inu tes on Feed . 1420
P ro d u c t ,  m o les p e r
100 m oles C y c lo h ex an e  fe d
Hydrogen . 98 5 .9 7
M ethane 0 .0 0
E thane  0 .0 0
P ropane  0 .0 0
I-B u ta n e  .0 .0 0
N -B utane 0 .0 0
I -P e n ta n e  0 .1 5
N -P en tane  0 .9 2
Hexanes 0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 3 5 .9 5
C yclohexane (CH) 6 3 .1 6
C yclohexene 0 .0 0
Benzene 0 .0 0
MCP/(MCP +  CH), % 36 .2 2
C ra c k in g , % 0 .8 9
Hydrogen B a la n c e , % 9 9 .3 0




C a t a ly s t  Type
S i0 2 /AIsQq , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F^
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y clohexane  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clo h ex an e  (CH) 
C y clo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C on stan t k , c e /g m -sec
3B
Pd on H -M orden ite  
10/1  

















2 2 .4 2





9 9 .6 4




C a t a l y s t  Type
S i0 2  /A12 0q , m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u te s  on  Feed
P r o d u c t ,  m o les p e r
100 m o les  C yclo h ex an e  fe d
H ydrogen 
M ethane 
> E th a n e  
P ro p an e  .
I - B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clo h ex an e  (CH) 
C y clo h ex en e  
B enzene
MCP/(MCP +  CH) , 7 .
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C on stan t k , c c /g m -sec
3C
Pd on H -M o rd en ite  
10/1 
0 .1 4 7 -0 .8 3 3








0 . 0 0














5 .1 7  . 
9 9 .7 3  .




C a t a ly s t  Type
S i0 2 /A l3 03 , m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les  p e r
100 m o les C y clo h ex an e  fe d
H ydrogen 9 5 6 .4 6
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  . 0 .3 8
I- B u ta n e  0 .2 6
N -B utane  0 .0 0
I - P e n ta n e  0 .4 0
N -P e n ta n e  1 .4 8
H exanes 0 .7 1
M e th y lc y c lo p e n ta n e  (MCP) 4 1 .1 2
C y clo h ex an e  (CH) 5 6 .2 4
C y clo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH), % 
C ra c k in g , %
H ydrogen B a la n c e , %
4 2 .3 0  
2 .6 4  . 
9 9 .7 8
Pd on H -M o rd en ite  
10/1  





3 .0 5  ’
421
1794




C a t a l y s t  T y p e • Pd on H -M ordenite
S iO g/A lgO s, m ole r a t i o  1 0 / 1






H ydrogen, p s i a  v 604
M in u te s  on Feed  2430
P r o d u c t ,  m o les  p e r
100 m oles C y clo h ex an e  fed
Hydrogen 
M ethane 
E th an e  
P ro p an e  .
I -B u ta n e  
N -B utane 
I - P e n ta n e  
N -P en tan e  
H exanes
Me th y lc y c lo p e n ta n e  
C y clohexane  (CH)
C yclohexene  
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %











3 4 .7 0
6 2 .3 0
0.00
0.00
35 .6 5  
3 .0 0  
100.35
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
R ate C onstant k , c c /g m -se c 0 .0 6 7 8
TABLE A
RUN DATA
Run Number 4C ;
I
C a t a ly s t  Type Pd on H -M orden ite
S iO a/A lgO g, m ole  r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  c 480
P r e s s u r e ,  p s i a  515
C y c lo h ex an e , p s i a  47
v / h r / v  2 .7 3
w /h r/w  4 .0 7
H ydrogen, p s i a  467
M in u tes  on F eed  . 2540
P r o d u c t ,  m o le s  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 9 8 0 .8 0
. M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  . 0 .3 3
I -B u ta n e  . 0 .3 3
N -B utane  0 .0 0
I - P e n ta n e  0 .4 2
N -P e n ta n e  0 .5 2
H exanes 0 .3 0
M e th y lc y c lo p e n ta n e  (MCP) 3 5 .9 3
C y c lo h ex an e  (CH) 6 2 .6 1
C y c lo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH ), 7o 3 7 .4 1
C ra c k in g , % r  1 .4 6
Hydrogen B a la n c e , % 99 .7 3




C a t a ly s t  Type
SiOjj/AlgOa , m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m oles p e r
100 m oles C y c lo h ex a n e  fe d  .
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e  .
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clohexane  (CH) 
C yclohexene  
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k ,  c c /g m -se c
4B
Pd on H -M o rd en ite  
10/1  









0 . 0 0
0 . 0 0
0 .46
0 . 2 0






0 . 0 0
0 . 0 0
36 .40
1 .95
1 0 0 .27
0 .0 8 5 4
TABLE A
RUN DATA
Run Number 4D j
}
C a t a ly s t  Type Pd on H -M orden ite
SiOg/Al^Oa , m ole r a t i o  1 0 / 1
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  480
P r e s s u r e ,  p s i a  '  415
C y c lo h ex an e , p s ia  38
v / h r / v  2 .7 3
w /h r/w  4 .0 7
H ydrogen, p s i a  377
M in u te s  on Feed 2587
P r o d u c t ,  m o les p e r
100 m oles C yclohexane fed
H y d ro g en . 974 .75
M ethane ' 0 .0 0
‘ E th an e  0 .0 0
P ro p an e  0 .3 1
I -B u ta n e  0 .3 8
N -B utane 0 .0 0
I - P e n ta n e  0 .4 4
N -P en tan e  0 .6 7
H exanes 0 .2 6
M e th y lc y c lo p e n ta n e  (MCP) 38 .15
C yclohexane  (CH) 60 .26
C yclohexene  0 .0 0 .
B enzene 0 .0 0
MCP/(MCP +  CH) , % .3 8 .7 4
C ra c k in g , % 1 .59
Hydrogen B a la n c e , % 99 .36




C a t a ly s t  Type Pd on H -M o rd en ite
SiO g/A lgO a, m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  , 480
P r e s s u r e ,  p s i a  365
C y c lo h ex a n e , p s i a  34
v / h r / v  2 .7 3
w /h r/w  4 .0 7
H ydrogen, p s i a  331
M in u te s  on Feed . 2677
P r o d u c t ,  m oles p e r
100 m oles C y clohexane  fe d
H ydrogen 9 9 0 .1 2
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .4 3
I -B u ta n e  0 .2 9
N -B utane 0 .0 0
I - P e n ta n e  0 .3 9
N -P en tan e  1 .3 8
H exanes 1 .0 9
M e th y lc y c lo p e n ta n e  (MCP) 3 7 .2 5
C yclohexane  (CH) 5 9 .8 0
C yclohexene  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH) , % '3 8 .3 6
C ra c k in g , % 2 .9 5
H ydrogen B a la n c e , % 1 0 0 .4 2




C a t a l y s t  Type 
SiOa /AL3 O3  
S iz e ,  tttm
T e m p e ra a tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les p e r
100 m oles C yclo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
Jpyclohexane (CH) 
C y clohexene  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , c c /g m -sec
4F
Pd on H -M o rd en ite  
10/1  

















3 7 .0 4
6 1 .0 4  
0.00  
0.00
'3 7 .8 0
1 .9 2
1 0 0 .3 5






C a t a ly s t  Type Pd on H -M orden ite
S i 0 3 /A lg 0 3 , m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  , 480
P r e s s u r e ,  p s i a  465
C y c lo h e x a n e , p s i a  43
v / h r / v  2 .7 3
w /h r /w  4 .0 7
H ydrogen , p s i a  422
M in u te s  on Feed  . .2796
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 990 .42
. M ethane 0 .0 0
E th a n e  0 .0 0
P ro p an e  0 .3 5
I - B u ta n e  0 .0 0
N -B u tan e  0 .0 0
I - P e n ta n e  0 .3 2
N -P e n ta n e  0 .4 3
H exanes 0 .8 5
M e th y lc y c lo p e n ta n e  (MCP) 3 4 .4 1
C y c lo h ex an e  (CH) 6 3 .9 5
C y c lo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH) , % '35.02
C ra c k in g , % 1 .6 5
H ydrogen B a la n c e , % 1 0 0 .3 4




C a t a ly s t  Type
S i0 2 /A l2 03  , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s ia
M in u tes  on Feed
P r o d u c t ,  m oles p e r
100 m oles C y clo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clohexane  (CH) 
C yclohexene 
B enzene
MCP/(MCP + CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , c c /g m -sec
Pd on H -M o rd en ite  
5 2 /1  
0 .1 4 7 -0 .8 3 3
t 546465
44 
2 .73  




0 .00 0.00 0.00
0 .00 0.00 0.00
0 .00 0.00 0.00
0 .00 0.00 0.00
0 .00 0.00 0.00
0 .00 0.00 0.00













C a ta ly s t  Type
S iO a/A L g t^ , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s ia  
v / h r / v  
w /h r/w
H ydrogen,' p s i a
M inu tes on Feed
P r o d u c t ,  m o les p e r
100 m o les C y c lo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclo h ex an e  (CH) 
C y clohexene  
B enzene
MCP/(MCP +  CH) , %
C ra c k in g , %
Hydrogen B a la n c e , %
Rate C on stan t k , c c /g m -se c
5B
Pd on H -M o rd en ite  
5 2 /1  







633 6 6 8
9 6 7 .8 0 9 6 7 .8 1
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .2 3 0 .1 9
0 . 1 0 0 .1 3
0 .0 3 0 .0 3
0 . 0 0 0 . 0 0
0 .0 3 0 .0 3
0 .7 6 0 .3 5
2 7 .4 9 2 8 .2 6
7 1 .5 1 7 1 .1 6
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
2 7 .7 9  • 2 8 .4 5
1 . 0 0 0 .5 9
1 0 0 .4 3 10 0 .4 1





Run Number 6 A !
C a t a ly s t  Type Pd on H -M o rd en ite
‘ S iO a/A l^O s , m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  , 600
P r e s s u r e ,  p s i a  390
C y c lo h ex a n e , p s i a  37
v / h r / v  2 .7 3
w /h r /w  4 .0 6
H ydrogen , p s i a  353
M in u tes  on Feed 693 733
P r o d u c t ,  m o les p e r
100 m o les  C yclohexane  fed
.
H ydrogen 9 6 9 .1 4 969 .
. M ethane 0 . 0 0 0 .
E th a n e 0 . 0 0 0 .
P ro p an e 0 .2 5 0 .
I -B u ta n e 0 .2 5 0 .
N -B utane 0 .1 5 0 .
I - P e n ta n e 0 .1 6 0 .
N -P e n ta n e 0 .1 8 0 .
H exanes 0 .7 1 0 .
M e th y lc y c lo p e n ta n e  (MCP) 2 8 .1 4 2 7 .
C y clo h ex an e  (CH) 6 9 .9 9 7 0 .
C yclo h ex en e 0 .4 9 0 .
B enzene 0 . 0 0 0 .
MCP/(MCP +  CH), % 2 8 .6 5  ' 2 8 .
C ra c k in g , % 1 .3 9 1 .

















R ate C on stan t k , cc /g m -sec 0 .0 9 1 1 0 .0 8 9 5
TABLE A
RUN DATA
Run Number 6 B
C a t a l y s t  Type Pd on H -M orden ite
SiO g/A LjO a, m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  t 600
P r e s s u r e ,  p s i a  565
C y c lo h e x a n e , p s i a  53
v / h r / v  2 .7 3
V w /h r /w  4 .0 6
H ydrogen , p s i a  512
M in u te s  on Feed  802 821
P r o d u c t ,  m o les p e r
100 m o les C yclohexane  fe d
H ydrogen 967 .65  9 6 7 .7 8
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p an e  0 .2 0  0 .1 9
I -B u ta n e  0 .2 8  0 .1 3
N -B utane  0 .1 7  0 .1 0
I - P e n ta n e  0 .2 2  0 .0 3
N -P e n ta n e  0 .1 7  0 .0 3  .
H exanes 1 .2 2  0 .8 7
M e th y lc y c lo p e n ta n e  (MCP) 27 .0 3  2 7 .2 0
C yclo h ex an e  (CH) 7 0 .1 7  7 1 .4 4
C y clo h ex en e  .0 .8 5  0 .1 8
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 7 .5 6  ’ 2 7 .8 3
C ra c k in g , % 1 .9 5  1 .1 8
H ydrogen B a la n c e , % 100 .33  1 0 0 .4 1
R ate C onstant k , cc /g m -sec  0 .0605  0 .0 5 9 9
TABLE A
Run Number
C a t a ly s t  Type
SlO g/A lgO g, m o le  r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I- B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y clo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C on stan t k , c c /g m -sec
RUN DATA
6 C
Pd on H -M orden ite  
5 2 /1  








9 4 2 .4 2 9 4 2 .6 0
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .3 5 0 .1 5
0 .1 6 0 . 1 1
0 .1 4 0 .0 6
0 .1 9 0 .0 3
0 .1 8 0 .0 7
1 .0 8 0 .9 8
2 5 .4 7 2 5 .7 5
7 1 .7 3 71 .9 1
1 .0 4 1 .1 9
0 . 0 0 0 . 0 0
2 6 .2 0 2 6 .3 5
1 .7 6 1 .1 5
9 8 .6 7 9 8 .6 0





C a t a l y s t  Type Pd on H -M orden ite
S iO a/A lgO a, m ole r a t i o  5 2 /1  1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  600
P r e s s u r e ,  p s i a  ‘ 465
C y c lo h ex a n e , p s i a  44
v / h r / v  1 .09
w /h r /w  1 .62
H ydrogen , p s i a  420
M in u te s  on F eed  1137 1226
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 9 3 4 .5 8  9 3 4 .3 8
M ethane 0 .0 0  0 .0 0
E th an e  0 .0Q  0 .0 0
P ro p an e  0 .3 6  0 .4 2
I- B u ta n e  0 .2 7  0 .6 3
N -B utane  0 .2 1  0 .2 7
I - P e n ta n e  0 .4 2  0 .4 4
N -P e n ta n e  0 .2 1  0 .3 7
H exanes 2 .0 3  2 .3 6
M e th y lc y c lo p e n ta n e  (MCP) 5 3 .8 2  5 3 .5 4
C y c lo h ex an e  (CH) 4 2 .6 5  4 2 .1 2
C y c lo h ex en e  0 .4 8  0 .5 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 5 5 .8 9  5 6 .0 5
C ra c k in g , % 3 .0 6  3 .8 2
H ydrogen B a la n c e , % 9 9 .3 4  9 9 .3 8
R ate C onstant k , c c /g m -se c  . 0 .0 7 9 2  ' 0 .0 7 9 6
TABLE A
RUN DATA
P r o d u c t ,  m oles p e r
100 m oles C y c lo h ex an e  fe d
H ydrogen . 9 1 4 .1 0  91 4 .1 7
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .1 8  0 .2 3
I-B u ta n e  0 .2 1  0 .1 9
. N -B utane 0 .1 5  0 .0 6
I - P e n ta n e  0 .2 2  0 .0 6
N -P en tan e  0 .2 6  0 .1 1
H exanes 1 .2 0  0 .5 8
M e th y lc y c lo p e n ta n e  (MCP) 3 5 .2 5  3 5 .3 5
C yclohexane  (CH) 6 2 .5 4  6 3 .3 1
C yclohexene 0 .2 8  0 .3 3
Benzene 0 .0 0  . 0 .0 0
MCP/(MCP +  CH), % 3 6 .0 5  3 5 .8 0
C ra c k in g , % 1 .9 3  1 .0 1
H ydrogen B a la n c e , % 9 8 .8 4  9 8 .7 7





C a t a ly s t  Type
S i0 2 /A l2 03  , m ole  r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m oles p e r
100 m oles C y c lo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clohexane  (CH) 
C yclohexene  
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , c c /g m -se c
. 7 C :
i
Pd on  H -M ordenite  
5 2 /1  1 








9 6 7 .1 5 9 6 7 .1 2
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .3 3 0 .3 7
0 .9 4 0 .9 6
0 . 0 0 0 . 0 0
0 .3 5 0 .3 5
0 . 0 0 0 . 0 0
1 . 8 6 1 .6 7
2 7 .2 0 2 6 .7 2
6 9 .1 9 6 8 .9 3
0 .6 7 1 .5 6
0 . 0 0 0 . 0 0
2 8 .2 1 2 7 .9 0
2 .9 4 2 .7 9
1 0 0 .3 9 1 0 0 . 2 1
0 .0 7 4 9  0 .0 7 3 9
TABLE A
RUN DATA
Run Number 7D .
C a t a ly s t  Type Pd on H -M orden ite
S i0 2 /A l3 03 , m o le  r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  600
P r e s s u r e ,  p s i a  '  465
C y c lo h ex a n e , p s i a  44
v / h r / v  5 .4 5
w /h r /w  8 . 1 0
H ydrogen, p s i a  421
M in u tes  on Feed 1618 1628
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 9 5 3 .9 0 953 .89
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 0 0
I - B u ta n e 0 .6 2 0 .6 4
N -B u tane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 . 0 0 0 . 0 0
N -P e n ta n e 0 .9 5 0 .9 7
H exanes 1 .0 5 0 .9 3
M e th y lc y c lo p e n ta n e  (MCP) 1 4 .6 7 15 .11
C y clo h ex an e  (CH) 8 2 .3 1 81 .73
C y clo h ex en e 0 .7 6 1 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 15 .1 3 15.62
C ra c k in g , % 2 .2 5 2 .1 7
H ydrogen B a la n c e , % 9 9 .6 0 99 .5 4
R a te  C o n s ta n t k ,  c c /g m -se c 0 .0 7 2 3 0 .0 7 4 8
TABLE A
RUN DATA
Run Number 8 A
C a t a ly s t  Type Pd on H -M orden ite
S iO a/A l^C ^, m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  625
P r e s s u r e ,  p s i a  » 465
C y c lo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .0 6
H ydrogen, p s i a  421
M in u tes  on Feed 1705 1742
P r o d u c t ,  m oles p e r
100 m oles C yclohexane fe d
H ydrogen 9 5 0 .3 7  9 5 0 .5 6
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
; P ro p an e  0 .3 6  0 .1 9
I -B u ta n e  0 .3 1  0 .1 3
N -B utane 0 .1 5  0 .0 6
I - P e n ta n e  0 .2 5  0 .2 1
N -P en tan e  0 .1 1  0 .0 6
H exanes 1 .4 9  0 .8 1
M e th y lc y c lo p e n ta n e  (MCP) 4 1 .1 7  4 1 .5 7
C yclohexane (CH) 5 6 .5 6  5 7 .1 8
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 4 2 .1 2  4 2 .1 0
C ra c k in g , % 2 .2 7  1 .2 5
H ydrogen B a lan c e , % 9 9 .4 2  9 9 .3 5




C a ta ly s t  Type
SiOa /Al^Oa » m° l e  r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s ia
C y clo h ex an e , p s i a  
v / h r / v  
v /h r /w
H ydrogen, p s ia
M inu tes on Feed
P ro d u c t , m oles p e r
100 m oles C yclo h ex an e  fe d
Hydrogen 
. M ethane 
. E th an e  
P ropane 
I -B u ta n e  
N -Butane 
I -P e n ta n e  
N -P entane  
Hexanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane (CH) 
C yclohexene 
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
Rate C onstant k , c c /g m -se c
i
Pd on H -M orden ite  
5 2 /1  








99 1 .4 7 991 .41
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .0 4 0 . 1 1
0 .0 7 0 .1 9
0 . 1 0 0 . 0 0
0 . 0 0 0 .0 9
0 . 0 0 0 .0 3
0 .2 3 1 . 2 1
4 1 .0 5 3 8 .7 1
5 8 .6 0 5 9 .8 1
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
4 1 .0 5  ' 3 9 .3 0
0 .3 6 1 .49
1 0 1 . 8 6 101.93
0 .1 0 3 4 0 .0 9 6 8
TABLE A
RUN DATA
Run Number 8 C
C a t a ly s t  Type Pd on H -M ordenite
S i0 2 /AlgC^ , m o le  r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  625
P r e s s u r e ,  p s i a  » 665
C y c lo h ex an e , p s i a  ‘ 63
v / h r / v  2 .7 3
w /h r/w  4 .0 6
H ydrogen , p s i a  602
M in u tes  on F eed  2056
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 973 .57
M ethane 0 .0 0
E th a n e  0 .0 0
P ro p an e  0 .0 4
I -B u ta n e  0 .1 0
N -B utane  0 .0 3
I - P e n ta n e  0 .0 6
N -P e n ta n e  0 .0 3
H exanes 0 .9 4
M e th y lc y c lo p e n ta n e  (MCP) 4 1 .0 4
C y c lo h ex an e  (CH) 5 7 .8 4
C y c lo h ex en e  0 .0 0
B enzene 0 .0 0
4 1 .5 5  
'  1.12 
100 .76
MCP/ (MCP +  CH) , % 
C ra c k in g , %
H ydrogen B a la n c e , %





Pd on H -M o rd en ite  
5 2 /1  ; 











0 . 0 0















1 0 0 .4 0
Run Number
C a ta ly s t  Type
SiOa /A lg O s , m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on F eed
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
1 -B u tan e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clo h ex an e  (CH) 
C y clo h ex en e  
B enzene
MCP/(MCP +  CH) , %
C ra c k in g , %
H ydrogen B a la n c e ,  %




C a ta ly s t  Type
SiOa /A I2 O3  , m o le  r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clo h ex an e  (CH) 
C y clohexene  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
Hydrogen B a la n c e ,  %
Rate C onstant k ,  c c /g m -se c
i  9A!
t
Pd o n :H -M orden ite  
1 5 2 /1  
















5 7 .2 5
4 0 .1 1
0.00  
0.00
5 8 .9 0
2 .6 4
9 9 .3 7




C a t a l y s t  Type Pd on H -M orden ite
S i 0 2  /A la 03  , m ole r a t i o  5 2 /1
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  651
P r e s s u r e ,  p s i a  * 565
C y c lo h e x a n e , p s i a  ' 5 3
v / h r / v  2 .7 3
w /h r /w  4 .0 6
H y d ro g en , p s i a  512
M in u te s  on Feed  2434 2444
P r o d u c t ,  m o les  p e r
100 m o les  C y clo h ex an e  fe d
H ydrogen 9 8 3 .5 0  9 8 3 .3 8
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p a n e  0 .2 9  0 .5 3
I - B u ta n e  0 .3 1  0 .3 0
N -B u tan e  0 .1 2  0 .1 2
I - P e n ta n e  0 .4 0  0 .3 4
N -P e n ta n e  0 .1 4  0 .2 1
H exanes 2 .1 9  2 .4 2
M e th y lc y c lo p e n ta n e  (MCP) 5 7 .0 1  5 7 .1 3
C y c lo h ex an e  (CH) 3 9 .9 3  3 9 .4 4
C y c lo h ex en e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(CMP +  CH), % 5 8 .9 0  5 9 .1 5
C ra c k in g , % 3 .0 6  3 .4 3
H ydrogen B a la n c e , % 1 0 0 .8 1  1 0 0 .8 3




C a t a ly s t  Type ••• . Pd on H -M ordenite
S iO g/A lgO a, m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  651
P r e s s u r e ,  p s i a  ' 665
C y c lo h e x a n e , p s i a  62
v / h r / v  2 .7 3
w /h r /w  4 .0 6
H y drogen , p s i a  603
M in u te s  on F eed  2486
P r o d u c t ,  m o les  p e r
100 m o les  C yclohexane  fe d
H ydrogen 957 .73
M ethane 0 .0 0
E th a n e  0 .0 0
P ro p an e  0 .2 3
I - B u ta n e  0 .2 9
N -B utane  0 .0 6
I - P e n ta n e  0 .1 2
N -P e n ta n e  0 .0 3
H exanes 2 .4 5
M e th y lc y c lo p e n ta n e  (MCP) 57 .45
C y c lo h ex an e  (CH) 3 9 .6 4
C y c lo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH), % 5 9 .1 0
C ra c k in g , % 2 .9 1
H ydrogen B a la n c e , % 99 .1 5






Run Number 9D .
C a t a ly s t  T ype Pd on H -M o rd en ite
S iO g/A lgO a, m ole  r a t i o  5 2 /1  !
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  651
P r e s s u r e ,  p s i a  ' 390
C y c lo h e x a n e , p s i a  36
v / h r / v  2 .7 3
w /h r /w  4 .0 6
H ydrogen , p s i a  353
M in u te s  on  F eed  2510 2526
P r o d u c t ,  m o le s  p e r
100 m o le s  C y c lo h e x a n e  fe d
H ydrogen 9 6 5 .4 7  9 6 5 .4 9
M ethane  0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p a n e  0 .5 1  0 .4 2
I - B u ta n e  0 .4 9  0 .4 5
N -B u tan e  0 .1 5  0 .2 4
I - P e n ta n e  0 .3 7  0 .4 2
N -P e n ta n e  0 .1 4  0 .1 3
H exanes 2 .1 6  1 .7 3
M e th y lc y c lo p e n ta n e  (MCP) 5 5 .8 5  5 6 .5 7
C y c lo h ex a n e  (CH) 4 0 .8 8  4 0 .5 8
C y c lo h ex e n e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 5 7 .7 0  5 8 .2 0
C ra c k in g , % 3 .2 7  2 .8 5
H ydrogen B a la n c e ,  % 9 9 .6 9  9 9 .6 6





C a t a l y s t  Type Pd on  H -M o rd en ite
S i0 3 /ALg03 , m ole  r a t i o  5 2 /1  '
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  600
P r e s s u r e ,  p s i a  ‘ 465
C y c lo h e x a n e , p s i a  44
v / h r / v  2 .7 3
w /h r /w  4 .0 6
H ydrogen , p s i a  421
M in u te s  on Feed 2630 2640
P r o d u c t ,  m o les p e r
100 m oles C y c lo h ex an e  fed
H ydrogen 9 8 1 .8 8  9 8 2 .4 4
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p an e  0 .2 9  0 .1 6
1 -B u tan e  0 .0 0  0 .1 3
N -B utane 0 .9 6  0 .0 7
1 -P e n ta n e  0 .4 3  0 .0 3
N -P en tan e  1 .0 9  0 .0 3
H exanes 0 .3 3  0 .7 1
M e th y lc y c lo p e n ta n e  (MCP) 2 8 .0 0  3 0 .8 9
C y clo h ex an e  (CH) 6 9 .6 2  6 8 .1 4
C y c lo h ex en e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH) , % 2 8 .6 5  3 1 .2 0
C ra c k in g , 7o 2 .3 8  0 .9 6
H ydrogen B a la n c e , % 1 0 1 .4 0  1 0 1 .3 1
R ate C onstant k , c c /g m -sec 0 .0 7 6 5 0 .0 8 5 0
TABLE A
RUN DATA
Run Number 11 .
C a t a ly s t  Type Pd on H -M o rd en ite
SiOg/ALgOa, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  520
P r e s s u r e ,  p s i a  ‘ 465
C y c lo h ex a n e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s i a  421
M in u te s  on F eed  285 295
P r o d u c t ,  m o les p e r
100 m oles C yclohexane  fed
•H ydrogen 9 6 6 .2 6  9 6 6 .3 8
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .2 6  0 .0 0
N -B utane 0 .0 4  0 .0 0
I -P e n ta r ie  0 .0 4  0 .0 0
N -P en tan e  1 .3 1  1 .25
H exanes . 3 . 1 2  2 .5 7
M e th y lc y c lo p e n ta n e  (MCP) 6 5 .8 6  6 6 .1 0
C yclo h ex an e  (CH) 2 9 .6 7  3 0 .2 9
C yclo h ex en e  0 .0 0  0 .0 0
B enzene O.’OO 0 .0 0
MCP/(MCP +  CH), % 6 8 .8 9  6 8 .6 0
C ra c k in g , % 4 .4 6  3 .6 1
H ydrogen B a la n c e , % 1 0 0 .1 5  100 .09




C a t a ly s t  Type Pd on H -M o rd en ite
S lO g/A lgO s, m ole  r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  480
P r e s s u r e ,  p s i a  * 465
C y c lo h ex a n e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen , p s i a  421
M in u te s  on Feed  432 442
P r o d u c t ,  m oles p e r
100 m o les C y clohexane  fe d
H ydrogen 9 7 6 .8 9  9 7 6 .8 5
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta h e  0 .1 2  0 .2 2
N -P en tan e  0 .8 9  1 .0 2
H exanes 0 .7 8  0 .8 4
M e th y lc y c lo p e n ta n e  (MCP) 4 4 .8 0  4 5 .6 3
C yclo h ex an e  (CH) 5 3 .5 8  5 2 .5 1
C yclo h ex en e  0 .0 0  0 .0 0
B enzene O.'OO 0 .0 0
MCP/(MCP +  CH), % 4 5 .5 5  4 6 .5 0
C ra c k in g , % 1 .6 2  1 .8 6
Hydrogen B a la n c e , % 1 0 0 .7 6  1 0 0 .7 8




C a t a ly s t  Type
S i0 2  /AlgOa , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m o les p e r
100 m oles C yclohexane  fe d
H ydrogen 9 8 2 .5 2
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I-B u ta n e  0 .0 0
N -B utane 0 .0 0
I - P e n ta n e  0 .0 0
N -P en tan e  0 .4 4
H exanes 0 .1 0
M e th y lc y c lo p e n ta n e  (MCP) 3 6 .1 9
C y clohexane  (CH) 6 3 .6 4
C yclohexene  0 .0 0
Benzene 0 .0 0
MCP/(MCP +  CH) , % 3 6 .2 5
C ra c k in g , % 0 .4 7
H ydrogen B a la n c e , % 1 0 1 .3 7  •
12B
Pd on H -M orden ite  
2 6 /1  












C a t a l y s t  Type
SiOg/ALgQa, m o le  r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
Cyc lo h e x a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u te s  on F eed
P r o d u c t ,  m o le s  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 9 8 8 .2 8
M ethane 0 . 0 0
E th a n e 0 . 0 0
P ro p an e 0 . 0 0
I - B u ta n e 0 . 0 0
N -B u tan e 0 . 0 0
I - P e n ta r ie 0 . 0 0
N -P e n ta n e 0 .2 5
H exanes 0 .5 4
M e th y lc y c lo p e n ta n e  (MCP) 31 .6 7
C y c lo h ex a n e  (CH) 6 7 .5 8
C y c lo h ex en e 0 . 0 0
B enzene 0 . 0 0
MCP/(MCP +  CH) , % 3 1 .9 4
C ra c k in g , % 0 .7 5
H ydrogen B a la n c e ,  % 101.76
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .0 5 7 5
12C .
Pd on H -M orden ite  
2 6 /1  












C a ta ly s t  Type Pd on H -M orden ite
SiO a/A laO o, m ole  r a t i o  2 6 /1  1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  475
P r e s s u r e ,  p s i a  '  565
C y clo h ex an e , p s i a  53
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s i a  511
M inu tes on F eed  620 630
. P ro d u c t ,  m o les  p e r
100 m o les C y c lo h ex an e  fe d
Hydrogen 9 8 0 .0 0  98 0 .0 2
M ethane 0 .0 0  0 .0 0
E thane  0 .0 0  0 .0 0
P ropane  0 .0 0  ■ 0 .0 0
I-B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I -P e n ta n e  0 .0 0  0 .0 0
N -P en tane  0 .3 0  0 .1 5
Hexanes 0 .0 0  0 .2 9
M e th y lc y c lo p e n ta n e  (MCP) 3 5 .4 9  3 5 .0 4
C yclohexane  (CH) 6 4 .2 6  6 4 .5 4
C yclohexene  0 .0 0  0 .0 0
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH ), % , 3 5 .5 3  3 5 .1 6
C ra c k in g , % 0 .2 5  0 .4 2
Hydrogen B a la n c e ,  % 1 0 1 .2 0  10 1 .2 1




C a ta ly s t  Type Pd on H -M ordenite
S iO g/A lgO a, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  475
P r e s s u r e ,  p s i a  ‘ 465
C y clo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s i a  421
M inu tes on Feed  673 683
. P r o d u c t ,  m o les p e r
100 m oles C y clo h ex an e  fe d
Hydrogen 9 8 8 .6 8  988.69
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I-B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .00
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tane  0 .4 1  0 .3 8
H exanes 0 .1 4  0 .09
M e th y lc y c lo p e n ta n e  (MCP) 4 0 .4 5  40 .62
C yclohexane  (CH) 5 9 .0 6  58 .97
C yclohexene  0 .0 0  • 0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH ), % ' 4 0 .4 7  4 0 .6 4
C ra c k in g , % 0 .4 9  0 .4 1
H ydrogen B a la n c e , % 1 0 1 .7 7  101.76
R ate C onstant k ,  c c /g m -se c  0 .1 1 6 6  0 .1173
TABLE A
RUN DATA
Run D a ta  12F .
C a t a l y s t  Type Pd on H -M orden ite
SiO jg/AlgOs, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  . 475
P r e s s u r e ,  p s i a  ‘ 390
C y c lo h e x a n e , p s i a  37 .
v / h r / v  2 .7 3
w /h r /w  4 .1 5
H ydrogen , p s i a  353
M in u te s  on Feed 889 899
P r o d u c t ,  m o les p e r •
100 m o les  C yclohexane  fe d
. H ydrogen 988 .27 98 8 .2 7
M ethane 0 . 0 0 0 . 0 0
E th a n e 0 . 0 0 0 . 0 0
P ro p a n e 0 . 0 0 0 . 0 0
I -B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I -P e n ta r ie 0 . 0 0 0 . 0 0
N -P e n ta n e 0 .3 0 0 .3 0
H exanes 0 .1 9 0 .1 9
M e th y lc y c lo p e n ta n e  (MCP) 4 5 .4 1 4 4 .3 7
C y clo h ex an e  (CH) 5 4 .1 5 5 5 .1 8
C y clo h ex en e 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 4 5 .4 5 4 4 .3 9
C r a c k in g , % 0 .4 3 0 .4 4
H ydrogen B a la n c e , % 101 .74 101 .74




C a t a ly s t  Type Pd on H -M orden ite
SiO a/A lgQ s , m ole r a t i o  2 6 /1




2 .0 4  
3 .1 1
H ydrogen , p s i a  421
M in u tes  on Feed 1 0 1 2 1042
P r o d u c t ,  m o les p e r
100 m o les  C yclohexane  fe d
H ydrogen 95 7 .4 1 957 .43
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 0 0
I -B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 . 0 0 0 .0 8
N -P en tan e 0 .5 0 0 .3 0
H exanes 0 .7 6 0 .5 6
M e th y lc y c lo p e n ta n e  (MCP) 51 .3 2 5 1 .7 8
C y clo h ex an e  (CH) 4 7 .5 1 4 7 .3 5
C y clohexene 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 5 2 .0 0 5 2 .2 0
C ra c k in g , % 1 .1 8 0 .8 7
H ydrogen B a la n c e , % 9 9 .4 0 99 .3 8
T e m p e ra tu re , F 
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s ia  
v / h r / v  
w /h r/w
R ate C onstant k* cc /g m -sec 0 .1345 0 .1361
TABLE A
RUN DATA
Run D a ta  13B
i
. '
C a t a ly s t  Type Pd on H -M ordenite
SiOg/ALgC^, m ole r a t i o  2 6 /1  '
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , 0  F 480
P r e s s u r e ,  p s i a  '  465
C y clo h ex an e , p s i a  44
v / h r / v  1 .0 9
w /h r/w  1 .6 5
H ydrogen, p s i a  421
M inu tes  on Feed 1195 1205
P ro d u c t ,  m o les  p e r
100 m o les  C y clo h ex an e  fe d
H ydrogen . 9 6 2 .3 2 9 6 2 .3 2
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 .0 0
I-B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 .0 4 0 . 0 0
N -P en tan e 0 .0 8 0 .0 9
H exanes 2 .4 6 • 1 . 2 2
M e th y lc y c lo p e n ta n e  (MCP) 6 4 .1 5 6 4 .7 6
C y clo h ex an e  (CH) 3 3 .2 8 3 3 .9 5
C y clo h ex en e 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 6 6 . 0 0 6 5 .5 5
C ra c k in g , % 2 .5 6 1 .2 9
Hydrogen B a la n c e , % 9 9 .7 7 9 9 .6 9




C a t a ly s t  Type
SiO^/AlgOa , m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
J w /h r/w
H ydrogen , p s i a
M in u tes  on Feed
. P r o d u c t ,  m o les p e r
100 m oles C yclo h ex an e  fe d
H ydrogen 9 1 1 .6 5
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I -B u ta n e  0*00.
N -B utane 0 .0 0
I - P e n ta n e  0 .0 0
N -P en tan e  0 .1 0
H exanes 2 .2 8
M e th y lc y c lo p e n ta n e  (MCP) 6 9 .6 3
C y clohexane  (CH) 2 8 .0 0
C y clohexene  0 .0 0
. . B enzene 0 .0 0
MCP/(MCP +  CH), % > 7.1.20
C ra c k in g , % 2 .3 7
H ydrogen B a la n c e , % 9 5 .9 4  •
R ate C onstant k ,  c c /g m -sec  0 .1 3 6 0
13C
Pd on H -M ordenite  
2 6 /1  










Run Number 13D ’
’■ f
C a ta ly s t  Type Pd on H -M orden ite
SiOs /AlgOa , m ole  r a t i o  2 6 /1  1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  480
P r e s s u r e ,  p s i a  ‘ 465
C y clo h ex an e , p s i a  44
v / h r / v  5 .4 5
w /h r/w  8 .2 8
H ydrogen, p s i a  421
M in u tes  on Feed 1851 1861
P r o d u c t ,  m o les  p e r
100 m o les  C yclo h ex an e  fe d
H ydrogen ' 9 4 9 .6 4  949 .64
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 2 8 .3 2  2 7 .9 3
C y clo h ex an e  (CH) 7 1 .6 8  72 .0 7
C y clo h ex en e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 8 .3 2  27 .9 3
C ra c k in g , % 0 .0 0  0 .0 0
H ydrogen B a la n c e , % 9 9 .8 4  9 9 .8 4




C a ta ly s t  Type Pd
S iC ^ /A ljO s , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
. P r o d u c t ,  m o les p e r
100 m oles C yclohexane  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I -P e n ta r ie
N -P en tan e
Hexanes




MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
14A.
on H -M orden ite  
2 6 /1  

















1 2 .5 3
8 7 .0 5
0.00
0.00
1 2 .5 5
0 .4 2
9 9 .3 5




C a ta ly s t  Type Pd on H -M orden ite
S i 0 2 /A lg 0 3 , m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  427
P r e s s u r e ,  p s i a  ‘ 565
C y clo h ex an e , p s i a  53
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s i a  512
M in u tes  on Feed 2271 , 2281
. P r o d u c t ,  m o les p e r
. 100 m o les C y clohexane  fe d
H ydrogen 9 6 8 .0 2  967 .99
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .3 8  0 .5 6
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 0 .7 4  10 .23
C yclohexane (CH) 8 8 .9 4  89 .3 1
C yclohexene 0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), 7. 1 0 .7 5  10 .25
C ra c k in g , % 0 .3 2  0 .4 7
Hydrogen B a la n c e , % 1 0 0 .4 0  100 .40




C a t a ly s t  Type Pd on H -M orden ite
SiOn/ALjOo, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  427
P r e s s u r e ,  p s i a  * 665
C y c lo h ex an e , p s i a  63
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s ia  602
M in u tes  on Feed 2323 2333
P r o d u c t ,  m oles p e r
. 100 m o les C yclohexane fe d
Hydrogen 9 5 9 .0 3  959 .02
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
1 -B u tan e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .4 3  0 .5 2
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  0 .0 0
M eth y lcy co p en tan e  (MCP) 9 .5 2  9 .7 1
C yclohexane  (CH) 9 0 .1 2  89 .8 6
C yclohexene 0 .0 0  0 .0 0
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 9 .5 5  9 .7 4
C ra c k in g , % • 0 .3 6  0 .4 3
H ydrogen B a la n c e , % 9 9 .8 2  '9 9 .8 3




C a ta ly s t  Type Pd on H -M orden ite
SiOjg/AlaOa, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  427
P r e s s u r e ,  p s i a  * 390
C y clo h ex an e , p s ia  37
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s i a  353
M in u tes  on Feed 2368 2378
P r o d u c t ,  m o les p e r
100 m oles C yclohexane fe d
H ydrogen 9 7 4 .0 7  9 7 4 .0 7
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I-B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I-P e n ta r ie  0 .5 7  0 .4 6
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 1 .3 9  11 .62
C yclohexane  (CIO 8 8 .1 3  8 7 .9 9
C yclohexene  0 .0 0  0 .0 0
Benzene O.’OO 0 .0 0
MCP/(MCP +  CH), % 1 1 .4 5  1 1 .6 7
C ra c k in g , % 0 .4 8  0 .3 9
H ydrogen B a la n c e , % 1 0 0 .7 6  100 .76




C a t a ly s t  Type Pd on H -M orden ite
SiO p/A laO o, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  455
P r e s s u r e ,  p s i a  * 465
C y clo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s ia  421
M in u tes  on Feed 2486 2496
P r o d u c t ,  m o les p e r
100 m oles C yclohexane fe d
H ydrogen 9 6 1 .9 4  9 6 1 .9 1
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I-B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .1 6
H exanes 0 .0 0  0 .3 0
M e th y lc y c lo p e n ta n e  (MCP) 2 0 .7 5  2 1 .0 5
C yclohexane  (CH) 7 9 .2 5  7 8 .5 1
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), 7, 2 0 .7 5  2 1 .0 5
C ra c k in g , % 0 .0 0  0 .4 4
H ydrogen B a la n c e , % 9 9 .6 6  9 9 .6 9




C a t a ly s t  Type
SiO a/A lgO a, m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s l a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
. P r o d u c t ,  m o les p e r
100 m oles C yclohexane fe d
Hydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clohexane  (CH) 
C yclohexene  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , 7»
R ate C onstant k , c c /g m -sec
15B
I
Pd on H -M orden ite  
2 6 /1  1 

















1 7 .8 4






0 .0 3 2 8
TABLE A
RUN DATA
Run Number 15C •
C a ta ly s t  Type Pd on H -M o rd en ite
S i 0 2  /AlgOo , m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  . 455
P r e s s u r e ,  p s i a  4 665
C y c lo h ex a n e , p s i a  53
v / h r / v  2 .7 3
w /h r/w  4 .1 5
H ydrogen, p s i a  602
M in u tes  on Feed .2659
P r o d u c t ,  m o les p e r
100 m o les  C y clo h ex an e  fe d
H ydrogen 9 7 9 .2 5
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I -B u ta n e  0 .0 0
N -B utane  0 .0 0
I -P e n ta r ie  0 .0 0
N -P en tan e  0 .0 0
H exanes 0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 7 .5 7
C yclo h ex an e  (CH) 8 2 .0 4
C y clo h ex en e  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH), % 1 7 .6 2
C ra c k in g , % 0 .0 0
Hydrogen B a la n c e , % 1 0 0 .7 7
R ate C onstant k , c c /g m -se c  0 .0 2 7 3
TABLE A
• RUN DATA
Run Number 16A .
C a t a l y s t  Type Pd on H -M o rd en ite
SlOg/ALgOa, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  460
P r e s s u r e ,  p s i a  ‘ 465
C y c lo h e x a n e , p s i a  44
v / h r / v  2 .7 3
w /h r /w  4 .4 3
H ydrogen , p s i a  421
M in u te s  on Feed  122 145
. P r o d u c t ,  m o les p e r
100 m o les C yclo h ex an e  fe d
H ydrogen 9 5 3 .0 9  9 5 3 .4 3
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p an e  '*0.00 0 .0 0
I -B u ta n e  1 .4 9  0 .4 8
N -B utane  0 .0 0  0 .0 0
I -P e n ta r ie  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .2 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 2 .5 8  1 1 .8 6
C y clo h ex an e  (CH) , 8 6 .2 3  8 7 .8 2
C y clo h ex en e  0 .0 0  0 .0 0
B enzene O.'OO 0 .0 0
MCP/(MCP +  CH), % 1 2 .7 2  1 1 .9 0
C ra c k in g , % 1 .1 9  0 .3 2
H ydrogen B a la n c e , % 9 9 .7 1  9 9 .6 6




C a t a l y s t  Type
SiOa /ALgOg , m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u te s  on F eed
P r o d u c t ,  m o les  p e r
100 m o les  C y clohexane  fe d
H ydrogen
M ethane
E th a n e
P ro p an e
I- B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y c lo h ex en e  
B enzene
MCP/(MCP +  CH), %
C r a c k in g , %
H ydrogen B a la n c e , %
R ate C on stan t k , c c /g m -sec
Pd on H -M o rd en ite  
9 /1  








9 4 8 .7 4 9 4 8 .7 4 9 4 8 .7 3
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 .0 6 0 .0 3 0 . 0 0
0 .0 3 0 .0 3 0 .0 6
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 .0 6 0 .0 9
0 .4 0 0 .1 8 0 .4 7
2 9 .5 4 2 7 .1 8 2 8 .7 2
7 0 .0 0 7 2 .5 5 7 0 .6 9
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
2 9 .6 1 2 7 .2 1 2 8 .9 0
0 .4 6 0 .2 7 0 .5 9
9 9 .9 1 9 9 .9 0 9 9 .9 2




C a t a ly s t  Type
SiOa /AL3 O3  , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r /v
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C yclohexane  fed
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y clo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C on stan t k ,  c c /g m -sec
Pd on H -M ordenite  
9 /1  








9 4 6 .9 5 9 4 6 .9 7
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .1 4 0 . 1 0
0 .0 6 0 .0 5
0 .0 6 0 .0 6
0 .0 5 0 . 1 0
0 .1 5 0 . 1 1
1 . 1 1 0 .3 9
4 6 .9 5 4 7 .4 6
5 2 .0 2 5 1 .8 7
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
4 7 .2 6 4 7 .7 0
1 .4 3 0 . 6 8
9 9 .7 1 9 9 .6 6




C a t a ly s t  Type
SiOjg/AlaC^, m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s ia
v / h r / v  j
w /h r/w
Pd on H -M orden ite  
9 /1  !






H ydrogen, p s i a 421
M in u tes  on Feed 573 - 598
P r o d u c t ,  m o les  p e r
100 m o les  C yclo h ex an e  fe d -
H ydrogen 9 3 9 .7 2 9 3 9 .7 0
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 .4 1 0 .4 7
I -B u ta n e 0 . 2 1 0 . 2 0
N -B utane 0 . 1 2 0 . 1 2
I - P e n ta n e 0 .0 8 0 .0 7
N -P en tan e 0 i l 5 0 .1 4
H exanes 2 .6 5 2 .4 5
M e th y lc y c lo p e n ta n e  (MCP) 6 6 .4 0 6 2 .5 3
C yclo h ex an e  (CH) 3 0 .3 3 3 4 .3 9
C y clohexene 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 6 8 .5 5  • 6 4 .6 0
C ra c k in g , % 3 .2 6 3 .0 8
Hydrogen B a la n c e , % 9 9 .2 1 9 9 .2 0






C a t a ly s t  Type
SiOa , m ole r a t i o
S iz e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on F eed
P r o d u c t ,  m o les  p e r
100 m oles C y clo h ex an e  fe d
H ydrogen 
M ethane 
E th an e  
P ro p an e  
' I -B u ta n e  
N -B utane 
I - P e n ta n e  
N -P en tan e  
H exanes '
M e th y lc y c lo p e n ta n e  (MCP) 
C y clo h ex an e  (CH) 
C yclo h ex en e  
B enzene
MCP/(MCP + CH), %
C ra c k in g , %
H ydrogen B a la n c e , %




Pd on H -M orden ite  
9 /1  








9 5 4 .9 3 95 5 .1 2 9 5 5 .1 2
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 .2 6 0 .1 4 0 .1 3
0 .2 7 0 .0 9 0 .0 9
0 .1 9 0 .0 6 0 .0 6
0 .1 3 0 .0 6 0 .0 5
0 . 1 2 0 .0 5 0 .0 5
1 .6 1 1 .3 4 1 .9 6
5 8 .1 4 5 7 .8 9 5 7 .8 4
’ 3 9 .6 1 4 0 .5 1 3 9 .9 5
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
5 9 .5 5 5 8 .8 5 5 9 .1 5
2 .2 5 1 .6 0 2 . 2 1
98 .8 6 9 8 .8 1 9 8 .8 5
0 .0 6 4 6 0 .0 6 2 8 0 .0 6 3 7
TABLE A
RUN DATA
Run Number 17B .
C a t a ly s t  Type Pd on H -M ordenite
S i 0 2 /A12 03  , m ole r a t i o  9 /1
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  . 484
P r e s s u r e ,  p s i a  * 465
C y c lo h ex a n e , p s i a  44
v / h r / v  1 .09
w /h r/w  1 .77
H ydrogen , p s i a  421
M in u te s  on Feed 1549 1559
P r o d u c t ,  m o les p e r
100 m o les C y clohexane  fe d
H ydrogen 9 5 1 .0 0  9 5 1 .0 6
M ethane 0 .0 0  .0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .2 1  0 .1 7
I -B u ta n e  0 .1 5  0 .1 4
N -B utane 0 .0 9  0 .0 3
I -P e n ta r ie  0 .1 1  0 .1 6
N -P en tan e  0 .2 6  0 .0 7
H exanes . 0 .6 7  1 .1 6
M eth y lcy c o p en tan e  (MCP) 4 7 .9 0  4 6 .6 6
C yclo h ex an e  (CH) 5 0 .8 6  5 1 .8 0
C y clohexene  0 .0 0  0 .0 0
B enzene O.’OO 0 .0 0
MCP/(MCP +  CH), % 4 8 .5 0  4 7 .5 0
C ra c k in g , %' 1 .2 4  , 1 .5 4
H ydrogen B a la n c e , % 9 9 .0 7  9 9 .0 9




Pd on H -M orden ite  
9 /1  '








P r o d u c t ,  m o les p e r
100 m o les C yclo h ex an e  fe d
H ydrogen 9 5 1 .5 2 9 5 1 .3 1
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 .7 2 0 .9 1
I-B u ta n e 0 . 0 0 0 .3 5
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 . 0 0 0 . 0 0
N -P en tan e 0 . 0 0 0 . 0 0
H exanes 0 .9 7 0 .5 3
M e th y lc y c lo p e n ta n e  (MCP) 3 4 .2 4 3 3 .9 1
C yclo h ex an e  (CH) 6 4 .4 3 6 4 .8 8
C y clohexene 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % ' 3 4 .7 4 3 4 .3 6
C ra c k in g , % 1 .33 1 . 2 1
Hydrogen B a la n c e , 9 8 .7 1 9 8 .7 0
R a te  C o n s ta n t k ,  c c /g m -se c 0 .0 7 5 2 0 .0 7 4 1
RUN DATA-
Run Number
C a ta ly s t  Type
S i 0 2 /A la 0 3 , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
. v / h r / v  
w /h r/w
H ydrogen, p s i a




C a ta ly s t  Type
S iO g/A l^O a, m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , 0  F 
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m o les  p e r
100 m oles C yclohexane  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clohexane  (CH) 
C yclohexene  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
17D
on H -M orden ite  
9 /1  








9 44 .55  
0.00  
0.00  





0 .3 9  
2 2 .5 7  . 
7 6 .4 8  
0.00  
0.00
2 2 .7 6
0 .9 5
9 9 .1 3




Run Number 17E • [
C a ta ly s t  Type Pd on H -M orden ite
SiOg/ALgOs, m ole r a t i o  9 /1  ’
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  484
P r e s s u r e ,  p s i a  ‘ 465
C y clo h ex an e , p s i a  44
v / h r / v  5 .4 5
w /h r/w  8 . 8 6
H ydrogen, p s i a  421
M in u tes  on Feed 2051 2057
. P r o d u c t ,  m oles p e r
100 m oles C yclohexane  fe d
H ydrogen 9 4 5 .1 9  9 4 5 .2 0
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  1 .1 6  1 .1 3
1 -B u tan e  ' 0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
Hexanes 0 .4 3  0 .2 1
M e th y lc y c lo p e n ta n e  (MCP) . 1 4 .3 3  1 3 .4 7
C yclohexane (CH) 8 4 .6 6  8 5 .7 5
C yclohexene 0 .0 0  0 .0 0
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % t  1 4 .5 1  13 .5 6
C ra c k in g , % I . 01 0 .7 8
Hydrogen B a la n c e , % 1 0 0 .0 7  100 .05
Rate C onstant k , c c /g m -sec  . 0 .0 6 7 0  0 .0 6 2 4
TABLE A
RUN DATA
Run Number 17F •
C a t a ly s t  Type Pd on H -M orden ite
SiOa/ALjOa , m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
Tem perature, ° F  . 484
P r e s s u r e ,  p s i a  * 465
C yclohexane, p s ia  43
. v /h r /v  2 .7 3
w /hr/w  4 .4 3
H ydrogen, p s i a  422
M in u tes  on Feed  2122
. P rod u ct, m oles per
100 m oles C yclohexane fed
H ydrogen 9 6 6 .0 6
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .1 0
I-B u ta n e  0 .0 5
N -B utane 0 .0 3
I -P e n ta i ie  0 .0 0
N -P en tan e  0 .0 7
H exanes 0 .3 9
M e th y lc y c lo p e n ta n e  (MCP) 2 4 .6 1
C y clohexane  (CH) 7 4 .8 4
C y clohexene  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH), % 2 4 .7 9
C ra c k in g , % 0 .5 5
H ydrogen B a la n c e , % , .9 9 .4 0
R ate C onstant k , c c /g m -sec  0 .0 6 4 6
TABLE A
RUN DATA
Run Number 18A .
C a ta ly s t  Type Pd on H -M orden ite
S lO g/A lgO a, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  . 482
P r e s s u r e ,  p s i a  ‘ 465
C y clo h ex an e , p s i a  43
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  422
M inu tes on Feed 2522 2532
P r o d u c t ,  m o les p e r
100 m o les C yclohexane fed
•
H ydrogen 9 6 6 .1 5 96 6 .1 4
M ethane 0 . 0 0 0 . 0 0
E th a n e : 0  0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 0 0
I -B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I-P e n ta r ie 0 . 0 0 0 . 0 0
N -P en tan e 0 . 0 0 0 .0 6
H exanes 0 . 2 2 0 .2 3
M e th y lc y c lo p e n ta n e  (MCP) 2 3 .8 7 2 2 .7 0
C yclohexane  (CH) 7 5 .9 1 7 7 .0 2
C yclohexene 0 . 0 0 0 . 0 0
B enzene O.'OO 0 . 0 0
MCP/(MCP +  CH), % 2 3 .8 9 2 2 .7 9
C ra c k in g , % 0 . 2 2 0 .2 8
Hydrogen B a la n c e , 7o 9 9 .3 8 9 9 .3 8




C a ta ly s t  Type Pd on H-M ordenite
S iO -g /A L ^ , m ole r a t io  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  482
P r e s s u r e ,  p s i a  ‘ 565
C yclohexane, p s ia  52
v /h r /v  2 .7 3
w /hr/w  4 .4 3
H ydrogen, p s i a  512
M in u tes  on Feed 2590 2600
P rod u ct, m oles per
100 m o les C yclohexane  fe d
Hydrogen 9 8 7 .6 4  9 8 7 .6 4
Methane 0 .0 0  0 .0 0
Ethane 0 .0 0  0 .0 0
Propane 0 .0 0  0 .0 0
I-B u tan e  0 .0 0  0 .0 0
N-Butane 0 .0 0  0 .0 0
I -P en ta n e  0 .0 0  0 .0 0
N -P entane 0 .0 0  0 .0 0
Hexanes 0 .2 2  0 .0 5
M eth y lcy clo p en ta n e  (MCP) 1 9 .5 2  1 9 .0 7
C yclohexane (CH) 8 0 .2 5  8 0 .8 8
C yclohexene 0 .0 0  0 .0 0
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 1 9 .5 9  1 9 .0 7
C ra c k in g , % 0 .2 3  0 .0 5
Hydrogen B a la n c e , % 1 0 0 .7 4  100 .73
R ate C onstant k , cc /g m -sec  0 .0 4 0 0  0 .0 3 8 9
TABLE A
RUN DATA
Run Number 18C •
C a t a ly s t  Type Pd on H -M orden ite
SiOg/ALgOg, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  482
P r e s s u r e ,  p s i a  665
C y c lo h ex an e , p s i a  63
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen , p s i a  602
M in u tes  on Feed 2751 2761
P r o d u c t ,  m oles p e r
100 m oles C yclohexane  fe d
H ydrogen 9 6 9 .9 4 9 6 9 .9 4
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 0 0
I -B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta h e 0 . 0 0 0 . 0 0
N -P en tan e 0 . 0 0 0 . 0 0
H exanes 0 . 0 0 0 .5 7
M e th y lc y c lo p e n ta n e  (MCP) 1 8 .1 6 1 7 .9 2
C yclohexane  (CIO 8 1 .8 4 8 1 .5 1
C yclohexene 0 . 0 0 0 . 0 0
B enzene O.'OO 0 . 0 0
MCP/(MCP + CH) , % 18 .16 1 8 .0 4
C ra c k in g , % 0 . 0 0 0 .5 7
H ydrogen B a la n c e , % 100 .44 100 .47





C a t a l y s t  Type Pd on H -M o rd en ite
SiOa/ALgOa, m ole  r a t i o  9 /1
S iz e ,  mm. 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  482
P r e s s u r e ,  p s i a  ' 465
C y c lo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  421
M in u tes  on F eed  2848 2858
P r o d u c t ,  m oles p e r
100 m oles C y clohexane  fed
H ydrogen . 9 7 5 .0 9  9 7 5 .0 9
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 1 .0 3  0 .1 2
M e th y lc y c lo p e n ta n e  (MCP) 2 3 .5 9  2 4 .0 0
C yclo h ex an e  (CH) 7 5 .3 8  7 5 .8 8
C y clo h ex en e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 4 .8 2  2 4 .0 0
C ra c k in g , % 1 .0 3  0 .1 2
H ydrogen B a la n c e , % 1 0 0 .8 3  1 0 0 .7 7
R ate C onstant k , c c /g m -sec  0 .0 6 0 9  0 .0 6 1 5
TABLE A
RUN DATA
Run Number 18E .
C a t a ly s t  Type Pd on H -M orden ite
SiO g/A lgQ a, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  . 482
P r e s s u r e ,  p s i a  ‘ 390
C y c lo h ex a n e , p s i a  37
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen , p s i a  353
M in u tes  on Feed  2955 2965
. P r o d u c t ,  m o les  p e r
100 m oles C yclohexane  fe d
H ydrogen 9 7 3 .9 6  9 7 3 .8 6
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  . 0 .7 4
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 2 .2 8  0 .0 0
I -P e n ta r ie  0 .0 0  0 .8 6
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  . 0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 2 4 .5 4  2 3 .2 9
C y clohexane  (CH) 7 3 .5 6  7 5 .7 8
C yclo h ex en e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 5 .0 1  2 3 .5 0
C ra c k in g , % 1 .9 0  0 .9 2
H ydrogen B a la n c e , % 100 .84  1 0 0 .7 8




C a ta ly s t  Type Pd on H -M orden ite
S iO a/A lgO g, m ole  r a t i o  9 /1
• S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  . 512
P r e s s u r e ,  p s i a  1 465
C y clo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  421
M in u tes  on Feed 3032 3042
. P r o d u c t ,  m oles p e r
100 m oles C y clo h ex an e  fe d
Hydrogen 9 6 6 .0 5  966 .04
M ethane '  0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 7  0 .0 7
I -B u ta n e  0 .0 3  0 .0 6
N -B utane 0 .0 2  0 .0 6
I-P e n ta r ie  0 .1 1  0 .0 6
N -P en tan e  0 .0 5  0 .0 5
H exanes 0 .7 9  0 .2 9
M e th y lc y c lo p e n ta n e  (MCP) 4 9 .1 9  4 9 .7 3
C yclohexane  (CH) 4 9 .8 1  4 9 .7 7
C y clohexene  0 .0 0  0 .0 0
B enzene O.'OO 0 .0 0
MCP/(MCP + CH), % 4 9 .7 4  5 0 .0 0
C ra c k in g , % 1 .0 1  0 .4 9
Hydrogen B a la n c e , % 10 0 .3 5  100.32




C a ta ly s t  Type Pd on H -M ordenite
SiOs /AloOo , m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T em p e ra tu re , ° F  512
P r e s s u r e ,  p s i a  ‘ 565
C yclohexane, p s ia  53
v /h r /v  2 .7 3
w /hr/w  4 .4 3
H ydrogen, p s i a  - 511
M in u tes  on Feed ' 3068
P ro d u c t ,  m oles p e r
100 m oles C yclo h ex an e  fe d
Hydrogen 977 .00
M ethane 0 .0 0
E th an e  0*00
P ropane  0 .1 5
I-B u ta n e  0 .2 2
N -B utane 0 .0 9
I - P e n ta n e  0 .0 0
N -P en tan e  0 .0 4
Hexanes 1 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 4 6 .7 1
C yclohexane (CH) 5 1 .9 8
C yclohexene 0 .0 0
B enzene 0 .0 0
MCP/(MCP + CH), % 4 7 .3 0
C ra c k in g , % 1 .3 1
Hydrogen B a la n c e , % 101.08
R ate C onstant k , c c /g m -sec  0 .1323
TABLE A
RUN DATA
Run Number 19C ■
C a ta ly s t  Type Pd on H -M orden ite
SiO g/A lgO g, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  512
P r e s s u r e ,  p s i a  * 665
C y clo h ex an e , p s i a  63
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  602
M inu tes  on Feed  3125 3135
. P r o d u c t ,  m o les p e r
100 m oles C yclo h ex an e  fe d
H ydrogen 9 8 5 .8 5  9 8 5 .7 0
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 9  0 .2 2
I-B u ta n e  0 .0 0  0 .1 4
N -B utane 0 .0 0  0 .0 9
I-P e n ta r ie  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 4
Hexanes 0 .7 7  1 .3 1
M e th y lc y c lo p e n ta n e  (MCP) 4 5 .6 3  4 3 .9 2
C yclohexane  (CH) 5 3 .5 6  5 4 .4 7
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 4 6 .0 5  4 4 .6 0
C ra c k in g , % 0 .8 2  1 .6 1
H ydrogen B a la n c e , % 1 0 1 .6 1  101 .66





C a ta ly s t  Type Pd on H-M ordenite
S ^ /A ljg O a , m ole r a t io  9 /1  '
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  512
P r e s s u r e ,  p s i a  ‘ 390
C ycloh exan e, p s ia  37
v /h r /v  2 .7 3
w /hr/w  4 .4 3
H ydrogen, p s i a  353
M in u tes  on Feed  3161
P ro d u ct, m oles per
100 m oles C yclohexane  fe d
Hydrogen 97 7 .1 8
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I -B u ta n e  0 .0 0
N -B utane 0 .0 0
I - P e n ta n e  0 .0 0
N -P en tan e  0 .0 0
H exanes 0 ;7 4
M e th y lc y c lo p e n ta n e  (MCP) 4 9 .8 8
C yclohexane  (CH) 4 9 .3 8
C y clohexene  0 .0 0
Benzene . 0 .0 0
MCP/(MCP +  CH), % 5 0 .6 5
C ra c k in g , % 0 .7 5
H ydrogen B a la n c e , % 101 .04
R ate C onstant k , c c /g m -sec  0 .2 1 2 9
TABLE A
RUN DATA
Run Number 20A .
C a ta ly s t  Type Pd on H -M orden ite
SiOa/ALgOg, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  538
P r e s s u r e ,  p s i a  . . V 465
C y clo h ex an e , p s i a  43
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  422
M in u tes  on Feed  3322 3332
. P r o d u c t ,  m o les p e r
100 m oles C yclohexane fed
H ydrogen 9 5 8 .1 3  9 5 8 .0 4
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .3 7  0 .4 1
I-B u ta n e  0 .1 0  0 .1 5
N -B utane 0 .0 5  0 .1 0
I -P e n ta r ie  0 .1 0  0 .1 8
N -P en tan e  0 .1 4  0 .2 6
H exanes 1 .6 7  1 .8 2
M e th y lc y c lo p e n ta n e  (MCP) 6 0 .8 1  6 0 .1 1
C y clohexane  (CH) 3 7 .0 4  3 7 .3 3
C yclohexene  0 .0 0  0 .0 0
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 6 2 .1 5  6 1 .8 0
C ra c k in g , % 2 .1 5  2 .5 6
H ydrogen B a la n c e , % 9 8 .9 6  9 8 .9 9
R ate C onstant k , c c /g m -sec  0 .2 7 9 1  0 .2 7 4 2
TABLE A
RUN DATA
Run Number 20B ^
C a ta ly s t  Type Pd on H -M orden ite
SlOg/ALgC^, m ole r a t i o  9 /1  ■
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  538
P r e s s u r e ,  p s i a  * 565
C y c lo h ex an e , p s ia  52
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  512
M in u tes  on Feed 3480 3490
. P ro d u c t ,  m o les p e r
. 100 m o les  C yclohexane fed
H ydrogen 9 5 7 .5 3  9 5 7 .6 4
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .2 3  0 .1 3
I -B u ta n e  0 .2 0  0 .0 5
N -B utane 0 .1 0  0 .0 5
I - P e n ta n e  ,0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 1 .5 8  1 .8 4
M e th y lc y c lo p e n ta n e  (MCP) 6 0 .3 7  6 4 .9 8
C yclohexane  (CH) 3 7 .7 4  3 3 .0 5
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), 7, 6 1 .4 0  6 6 .0 5
C ra c k in g , % 1 .8 9  1 .9 7
Hydrogen B a la n c e , % 9 8 .9 1  9 8 .9 1
R ate C onstant k , cc /g m -sec  0 .2 2 4 3  0 .2 7 2 5
TABLE A
RUN DATA
Run Number 20C .
Pd on H -M orden ite  
9 /1  






H ydrogen, p s i a  603
M in u tes  on Feed 3654. 3664
P r o d u c t ,  m o les p e r
100 m oles C y clohexane  fe d •
H ydrogen 971 .03 9 7 1 .2 7
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 .2 8 0 .2 3
I-B u ta n e 0 .3 8 0 .1 3
N -B utane 0 .2 8 0 .0 6
I - P e n ta n e 0 . 2 2 0 .0 6
N -P en tan e 0 .2 9 0 . 1 1
H exanes 2 .6 2 1 .33
M e th y lc y c lo p e n ta n e  (MCP) 6 6 .1 5 6 7 .8 7
C y clohexane  (CH) 3 0 .2 1 3 0 .4 0
C yclohexene 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 68 .7 5 6 9 .0 8
C ra c k in g , % 3 .6 4 1 .7 3
H ydrogen B a la n c e , % 99 .8 9 9 9 .7 7
R a te  C o n s ta n t k ,  c c /g m -se c 0 .2583 0 .2 6 3 6
C a t a ly s t  Type
S i0 2 /A l2 03  , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  





C a t a ly s t  Type Pd on H -M orden ite
SiO jj/A lgO a, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  538
P r e s s u r e ,  p s i a  390
C y c lo h ex an e , p s i a  36
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  354
M in u tes  on Feed  3722 3732
. P r o d u c t ,  m o les p e r
100 m o les C yclo h ex an e  fe d
H ydrogen 9 6 7 .6 3  9 6 7 .4 8
M ethane 0 •0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .3 4  0 .4 5
I -B u ta n e  0 .1 9  0 .2 6
N -B utane 0 .1 4  0 .4 4
I - P e n ta n e  0 .0 9  0 .0 0
N -P en tan e  0 .0 9  0 .0 0
H exanes 2 .0 8  2 .0 9
M e th y lc y c lo p e n ta n e  (MCP) 6 3 .6 2  62 .6 2
C y clohexane  (CH) 3 3 .7 5  3 4 .6 0
C y clohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 6 5 .4 0  64 .49
C ra c k in g , % 2 .6 2  2 .7 9
Hydrogen B a la n c e , % 9 9 .6 0  '9 9 .6 1




C a t a ly s t  Type Ed on H -M orden ite  .
S i03 /AlgOa , m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  538
P r e s s u r e ,  p s i a  ‘ 465
C y c lo h ex a n e , p s ig  - 43
v / h r / v  2 .7 3
w /h r/w  4 .4 3
H ydrogen, p s i a  422
M in u tes  on Feed 3775 3785
. P r o d u c t ,  m o les  p e r
100 m oles C y clohexane  fe d
H ydrogen 9 6 3 .1 6  9 6 3 .3 3
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .6 6  0 .5 3
I -B u ta n e  0 .3 4  0 .1 1
N -B utane 0 .1 7  0 .0 6
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 2 .1 8  2 .0 1
M e th y lc y c lo p e n ta n e  (MCP) 6 3 .0 5  6 4 .0 4
C yclo h ex an e  (CH) 3 4 .1 2  3 3 .5 8
C y clo h ex en e  0 .0 0  0 .0 0
B enzene • 0 .0 0  . 0 .0 0
MCP/(MCP +  CH), % 6 4 .8 5  6 5 .5 5
C ra c k in g , % 2 .8 4  2 .3 8
H ydrogen B a la n c e , % 9 9 .3 4  '9 9 .3 1




C a ta ly s t  Type Pd on H -M orden ite
SiC^/ALgOg, m ole r a t i o  1 0 / 1
■ S iz e ,  mm 0 .8 3 3 -1 .3 9 7
T e m p e ra tu re , ° F  462
P r e s s u r e ,  p s i a  • * 465
C y c lo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .2 9
H ydrogen, p s i a  421
M in u tes  on  F eed  111 121
. P r o d u c t ,  m o les  p e r
100 m o les C yclo h ex an e  fe d
H ydrogen 9 5 7 .9 8  9 5 7 .9 8
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I -P e n ta r ie  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 5 .4 5  15 .5 3
C y clo h ex an e  (CH) 8 4 .5 5  8 4 .1 6
C y clo h ex en e  0 .0 0  0 .0 0
B enzene • 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 1 5 .4 5  15 .53
C ra c k in g , % 0 .0 0  0 .0 0
Hydrogen B a la n c e , % 9 9 .3 8  9 9 .3 9
R ate C onstant k , c c /g m -sec  0 .0 3 5 0  0 .0353
TABLE A
RUN DATA
Run Number 2 IB •
C a ta ly s t  Type Pd on H -M orden ite
SiCfe /Al^Og , m ole r a t i o  10 /1
S iz e ,  mm 0 .8 3 3 -1 .3 9 7
T e m p e ra tu re , °F  . 462
P r e s s u r e ,  p s i a  1 465
C y clo h ex an e , p s i a  23
v / h r / v  2 .7 3
w /h r/w  4 .2 9
H ydrogen, p s i a  442
M inu tes  on Feed 243 254
P r o d u c t ,  m oles p e r
100 m oles C yclohexane  fe d
H ydrogen 1912 .83 1911.76
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 2 .1 4
I-B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I -P e n ta r ie 0 . 0 0 0 . 0 0
N -P en tane 0 . 0 0 0 . 0 0
H exanes 0 . 0 0 0 . 0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 4 .0 0 1 2 .6 4
C yclohexane (CH) 8 6 . 0 0 8 6 .2 9
C yclohexene 0 . 0 0 0 . 0 0
Benzene 0 . 0 0 0 . 0 0
MCP/(MCP + CH), % 1 4 .0 0  • 1 2 .8 0
C ra c k in g , % 0 . 0 0 1 .0 7
Hydrogen B a la n c e , % 9 9 .1 1 9 9 .1 5
R a te  C o n s ta n t k ,  c c /g m -se c 0 .0 5 9 6 0 .0 5 3 9
TABLE A
RUN DATA
Run Number • 21C
. . ' !
C a ta ly s t  Type Pd on H -M orden ite
SiCfe /AlgOa , m ole  r a t i o  1 0 /1  1
S iz e ,  mm 0 .8 3 3 -1 .3 9 7
T e m p e ra tu re , ° F  462
P r e s s u r e ,  p s i a  * 465
C y clo h ex an e , p s i a  43
v / h r / v  ^ 2 . 7 3
w /h r/w  4 .2 9
H ydrogen, p s i a  421
M inu tes on Feed  533 543
P r o d u c t ,  m oles p e r
100 m oles C y c lo h ex an e  fe d
H ydrogen 9 6 6 .9 0  9 6 5 .9 1
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .8 0  2 .7 7
I -B u ta n e  0 .0 0  - 0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 5 .8 1  1 5 .7 8
C yclohexane  (CH) 8 3 .7 9  8 2 .8 3
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP + CH), % 1 5 .8 9  1 6 .0 0
C ra c k in g , % 0 .4 0  1 .3 9
H ydrogen B a la n c e , 7. 9 9 .7 9  '9 9 .8 5
R ate C onstant k , c c /g m -sec 0 .0 3 6 2 0 .0 3 6 5
TABLE A
RUN DATA
Run Number 22A .
C a ta ly s t  Type Pd on H -M orden ite
SiOa /AloOo , m ole r a t i o  10 /1
S iz e ,  mm 0 .3 5 1 -0 .8 3 3
T e m p e ra tu re , °F  462
P r e s s u r e ,  p s i a  ‘ 465
C y clo h ex an e , p s i a  43
v / h r / v  2 .7 3
w /h r/w  4 .2 8
Hydrogen, p s i a  421
M in u tes  on Feed 133
. P r o d u c t , m oles p e r
100 m o les  C yclo h ex an e  fe d
Hydrogen 9 5 4 .4 8
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I-B u ta n e  0 .0 0
N -B utane 0 .0 0
I -P e n ta r ie  0 .0 0
N -P en tan e  0 .0 0
Hexanes 0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 7 .5 2
C yclohexane (CH) 8 2 .4 8
C yclohexene 0 .0 0
Benzene * 0 .0 0
MCP/(MCP +  CH) , % 1 7 .5 2
C ra c k in g , % 0 .0 0
Hydrogen B a la n c e , % 9 8 .9 6




C a t a ly s t  Type Pd on H -M orden ite
S iO g /A lgP a, m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .3 5 1 -0 .8 3 3
T e m p e ra tu re , ° F  462
P r e s s u r e ,  p s i a  ‘ 465
C y c lo h ex an e , p s i a  23
v / h r / v  2 .7 3
w /h r/w  4 .2 8
H ydrogen , p s i a  442
M in u tes  on Feed  252 262
P r o d u c t ,  m oles p e r
100 m oles C yclohexane  fe d
H ydrogen ' 1 9 0 1 .0 1  1900.65
M ethane 0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  1 .0 3  3 .1 8
N -P en tan e  0 .0 0  0 .0 0
• H exanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 1 4 .5 5  14 .03
C y clohexane  (CH) 8 4 .5 8  83 .32
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), %  1 4 .6 8  14 .42
C ra c k in g , % 0 .8 6  2 .6 5
H ydrogen B a la n c e , % 9 8 .9 5  9 9 .0 2





C a ta ly s t  Type Pd on H -M orden ite
S i0 2 /AlgO^ , m ole *a t i o 1 0 /1  '
S iz e ,  mm 0 .1 4 7 -0 .3 5 1
T e m p e ra tu re , ° F  462
P r e s s u r e ,  p s i a  4 465
C y clo h ex an e , p s i a  43
v / h r / v  2 .7 3
w /h r/w  4 .0 1
H ydrogen, p s i a  421
M inu tes on Feed 154
P r o d u c t ,  m oles p e r
100 m oles C y clohexane  fe d
Hydrogen 9 5 8 .3 0
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .5 0
I-B u ta n e  0 .0 0
N -B utane 0 .0 0
I - P e n ta n e  0 .0 0
N -P en tan e  0 .7 8
H exanes 0 .4 6
M e th y lc y c lo p e n ta n e  (MCP) 1 5 .0 8
C yclohexane  (CH) 8 3 .5 7
C yclohexene  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH), % 1 5 .2 8
C ra c k in g , % ' 1 .3 5
H ydrogen B a la n c e , % 9 9 .3 6




C a ta ly s t  Type
SiCtg /Al^Oa , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M inu tes on Feed
. P ro d u c t ,  m oles p e r
100 m oles C yclo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane  (CH) 
C yclohexene 
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , c c /g m -sec
23B
Pd on H -M orden ite  
10/1 

















1 2 .4 0  
8 7 .6 0
0.00
0.00
1 2 .4 0  
0.00
9 9 .8 6




C a t a ly s t  Type
SiO-g/AlgOg, m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , 0  F 
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s ia
M in u tes  on Feed
• P r o d u c t ,  m o les p e r
100 m oles C yclohexane fe d
Hydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
Hexanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane  (CH) 
C yclohexene  
Benzene
MCP/(MCP + CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , c c /g m -sec
23C ; '
I
Pd on H -M orden ite  
10/1  1 


















8 4 .7 3  
0.00  
0.00
1 3 .9 6
1 .5 5
9 8 .4 7




C a ta ly s t  Type
SiOg/AlgO^ , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les p e r
100 m oles C y clohexane  fe d
Hydrogen
M ethane
E th an e
P ropane
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
Hexanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane (CH) 
C yclohexene 
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %




Pd on H -M orden ite  
10/1 














0 .3 1  
0 .3 5  
0.00
1 5 .4 9
8 3 .9 6  
0.00  
0.00
1 5 .5 9  14
0 .5 6  0


































C a ta ly s t  Type 
S i0 2  /AlgOg 
S iz e ,  mm
T em p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y clo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P ro d u c t ,  m oles p e r





I-B u ta n e
N -B utane
I -P e n ta n e
N -P en tane
Hexanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane (CH) 
C yclohexene 
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
Hydrogen B a la n c e , %
R ate C onstant k , c c /g m -se c
24B
i
Pd on H -M o rd en ite  
10/1  1 

















1 2 .7 6





9 9 .7 5




C a t a l y s t  Type Pd on H -M orden ite
SiOa/AlgO 3  , mole r a t i o  2 6 /1
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  ‘ 500
P r e s s u r e ,  p s i a  . 465
P e n ta n e ,  p s i a  112
v / h r / v  8 .1 6
w /h r /w  1 0 .4 9
H ydrogen , p s i a  353
M in u te s  on F eed  95 110
P r o d u c t ,  m o les p e r
100 m o les P e n ta n e  fe d
H ydrogen 304 .73  3 0 4 .7 1
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p an e  0 .4 7  0 .5 0
I -B u ta n e  0 .0 0  0 .0 0
N -B u tane  0 .0 0  0 .0 0
I - P e n ta n e  2 .2 5  2 .5 4
N -P en tan e  9 7 .2 6  9 7 .0 4
H exanes 0 .1 8  0 .0 4
IC ^ /P C ^ ,%  . 2 .2 6  2 .5 5
C ra c k in g , % 0149 0 .4 2
H ydrogen B a la n c e , % 98 .9 3  9 8 .9 3




C a ta ly s t  Type Pd on H -M orden ite
S iO a/A lgO a, m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  ‘ 527
P r e s s u r e ,  p s i a  . 465
P e n ta n e , p s i a  111
v / h r / v  8 .1 6
w /h r/w  10 .49
H ydrogen, p s ia  354
M in u tes  on Feed 216 226
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fed
H ydrogen 3 0 8 .2 4  3 0 8 .2 3
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0..43 0 .4 5
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  8 .7 8  8 .8 2
N -P en tan e  , • 9 0 .4 7  9 0 .4 4
H exanes 0 .3 4  0 .3 3
IC^/PCts , % 8 .8 5  8 .8 9
C ra c k in g , % 0.’74 0 .7 5
Hydrogen B a la n c e , % 9 8 .7 7  9 8 .7 7




C a ta ly s t  Type
Si0a /A le03 , m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , 0  F
P r e s s u r e ,  p s i a
P e n ta n e , p s ia  
v / h r / v  
w /h r/w
H ydrogen, p s ia
M inu tes on Feed
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
Hydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tane
Hexanes
'Kfe'/PCfe, %
C ra c k in g , %
Hydrogen B a la n c e , %
R ate C onstant k , c c /g m -se c
25C
Pd on H -M orden ite  
2 6 /1  
























C a ta ly s t  Type Pd on H -M orden ite
S i0 2 /AL.03 , m ole r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T em p e ra tu re , °F  '  554
P r e s s u r e ,  p s i a  , 465
P e n ta n e , p s ia  11?
v / h r / v  8 .1 6
w /h r/w  10 .49
H ydrogen, p s ia  353
M inu tes on Feed 440 450
P ro d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
H ydrogen 3 1 0 .5 0  3 1 0 .5 8
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .2 7
I-B u ta n e  0 .1 0  0 .0 9
N -B u tan e ’ 0 .1 0  0 .1 1
I -P e n ta n e  2 9 .6 5  2 7 .5 2
N -P en tan e  6 9 .8 8  72 .07
Hexanes 0 .1 2  0 .1 6
ICfe/PCk, % 2 9 .7 9  27 .6 3
C ra c k in g , % 0 .4 7  0 .4 1
H ydrogen B a la n c e , % 9 9 .4 3  9 9 .4 3




C a ta ly s t  Type Pd on H -M orden ite
SiOa/ALgOa , m ole r a t i o  2 6 /1
S iz e ,  irnn 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  550
P r e s s u r e ,  p s i a  * 465
P e n ta n e , p s i a  111
v / h r / v  8 .1 6
w /h r/w  10 .49
H ydrogen, p s i a  353
M inu tes on Feed 535 545
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
Hydrogen 3 1 4 .5 7  31 4 .8 3
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .6 0  0 .1 5
I-B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .5 1  0 .2 3
I - P e n ta n e  2 1 .8 8  2 4 .8 4
N -P en tan e  76 .8 3  7 4 .2 0
H exanes 0 .4 4  0 .5 7
I(k/P<V, \  22-16 25*08
C ra c k in g , % 1 .2 9  0 .9 6
Hydrogen B a la n c e , % 9 9 .6 9  9 9 .6 9




C a t a ly s t  Type
SiOa/ALgOa , m ole r a t i o  
S iz e ,  mm
25F
Pd on H -M orden ite  
2 6 /1  
0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , F 
P r e s s u r e ,  p s i a
580
465
P e n ta n e , p s i a  





H ydrogen, p s i a 353
M in u tes  on Feed 618 628 638
P r o d u c t ,  m o les  p e r
100 m o les P e n ta n e  fe d
H ydrogen 3 0 9 .8 5 30 9 .7 8 3 0 9 .7 8
M ethane 0 . 0 0 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0 0 . 0 0
P ro p an e 0 . 1 0 0 .0 6 0 .0 7
I-B u ta n e 0 .0 9 0 .0 6 0 .0 7
N -B utane 0 . 2 0 0 .1 4 0 .1 3
I - P e n ta n e 4 7 .4 8 5 0 .3 3 4 9 .5 4
N -P en tan e 5 1 .4 3 4 9 .3 3 5 0 .1 2
H exanes 0 . 6 6 0 . 1 1 0 . 1 2
i c ^ / p q . ,  % 4 8 .0 0 5 0 .5 0 4 9 .7 1
C ra c k in g , % 1 .0 9 0 .3 4 0 .3 5
H ydrogen B a la n c e , % 9 9 .1 5 9 9 .1 5 9 9 .1 5




C a t a ly s t  Type Pd on H -M orden ite
S i0 3 /A lg O a , m° l e  r a t i o  2 6 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
I
T e m p e ra tu re , ° F  520
P r e s s u r e ,  p s i a  ' 465
P e n ta n e , p s i a  112
v / h r / v  8 .1 6
w /h r /w  10 .49
H ydrogen , p s i a  353
M in u tes  on Feed 708 718
P r o d u c t ,  m o les  p e r
100 m o les  P e n ta n e  fe d
H ydrogen 3 0 2 .4 3  302 .42
M ethane 0 .0 0  0 .0 0
E th a n e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I - B u ta n e  0 .0 0  0 .0 0
N -B utane  0 .0 0  0 .0 0
I - P e n ta n e  8 .8 9  8 .0 3
N -P e n ta n e  9 0 .8 6  91 .7 4
H exanes , 0 .2 1  0 .2 0
I % /P C ^ ,%  8 ,9 1  8 .0 5
C ra c k in g , % 0 .2 5  0 .2 4
H ydrogen B a la n c e , % 9 8 .5 7  9 8 .5 7




C a ta ly s t  Type Pd on H -M orden ite
SiOg /Al^Oo , m o le  r a t i o  2 6 /1
S i z e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  * 462
P r e s s u r e ,  p s i a  . 465
C y c lo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r /w  4 .3 3
H ydrogen, p s i a  421
M inutes on F eed  ' 1040
P ro d u c t ,  m o le s  p e r
100 m o le s  C y c lo h ex an e  fe d
H ydrogen 
M ethane 
E th an e  
P ro p an e  
I - B u ta n e  
N -B u tan e  
I - P e n ta n e  
N -P e n ta n e  
H exanes
M e th y lc y c lo p e n ta n e  (MCP)
C y c lo h ex a n e  (CH)
C y c lo h ex en e  
B enzene
MCP/(MCP +  CH), % 2 7 .6 1
C ra c k in g , % 0 .6 1
Hydrogen B a la n c e ,  % 9 8 .7 6
Rate C on stan t k , c c /g m -sec  0 .0706
943 .93
0 . 0 0
0 . 0 0
0 .49
0 . 0 0















C a t a ly s t  T ype Pd on H -M orden ite
SiOg/ALgOa, m ole r a t i o  26 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  * 479
P r e s s u r e ,  p s i a  § 465
C y c lo h e x a n e , p s i a  44
v / h r / v  2 .7 3
w /h r /w  4 .3 3
H ydrogen , p s i a  421
M in u te s  on F eed  1172 1185
P r o d u c t ,  m o le s  p e r
100 m o le s  C y clohexane  fe d
H ydrogen 9 2 5 .3 8  9 2 5 .9 2
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p a n e  0 .5 6  0 .4 3
I - B u ta n e  0 .0 0  0 .0 0
N -B u tan e  1 .49  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P e h ta n e  . ■ 0 .0 0  0 .0 0
H exanes 1 .2 4  1 .1 7
M e th y lc y c lo p e n ta n e  (MCP) 3 3 .7 6  3 4 .2 4
C y c lo h ex an e  (CH) 6 3 .7 3  6 4 .3 6
C y c lo h ex en e  O.'OO 0 .0 0
B enzene 0..00 0 .0 0
MCP/(MCP + CH), % 3 4 .6 2  3 4 .7 2
C ra c k in g , % 2 .5 2  1 .4 0
H ydrogen B a la n c e ,  % 9 7 .7 3  9 7 .6 5




C a t a ly s t  Type Pd
S iO a/A lgO a, m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , °P  
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m oles p e r
100 m o les C yclohexane  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP)
C yclo h ex an e  (CH)
C y clohexene
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
26C
on H -M ordenite  
2 6 /1  
0 .1 4 7 -0 .8 3 3























R ate C o n sta n t, c c /g m -sec 0 .0280
TABLE A
RUN DATA
   ■■ ■ I
1
Run Number
C a ta ly s t  Type
SiO-g/AlgOa, m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
. v / h r / v  
w /h r/w
H ydrogen, p s i a
M inu tes on Feed
P ro d u c t ,  m o les  p e r
100 m o les  C y clo h ex an e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clo h ex an e  (CH) 
C y clo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
Hydrogen B a la n c e , %
Rate C onstant k ,  c c /g m -sec
26D |
}
Pd on H -M ordenite  
2 6 /1  








9 5 9 .5 4 959 .62 9 5 9 .6 4
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 .3 2 0 .2 9 0 .2 6
1 .1 3 1 . 0 2 1 .1 4
0 .8 2 0 .7 4 0 .5 9
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 * 0 0 0 . 0 0
0 .9 6 1 .2 6 0 . 6 8
6 6 .0 5 7 0 .1 7 66 .5 1
3 1 .5 3 2 7 .2 6 3 1 .5 3
0 . 0 0 0 ; 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 , 0 0
6 7 .6 8 72 .02 6 7 .8 0
2 .4 2 2 .5 8 1 .96
9 8 .9 5 9 8 .9 6 9 8 .9 2




C a t a ly s t  Type
S i0 3  /A ls Oa , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
P e n ta n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m o les p e r
100 m o les  P e n ta n e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
I - P e n ta n e /T o ta l  P e n ta n e s
C ra c k in g , %
H ydrogen B a la n c e , %




Pd on H -M orden ite  
9 /1  
0 .1 4 7 -0 .8 3 3
‘ 520 
465
. I l l
8 .1 6
1 0 .9 6
354
105 115











9 8 .6 3
0 .0191











9 8 .6 3




C a t a ly s t  Type
SiO-g/AlgOa , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
P en tan e , p s ia  
v /h r /v  
w /hr/w
H ydrogen , p s i a
M in u tes  on Feed
P ro d u ct, m oles per





I-B u tan e
N-Butane
I-P en ta n e
N -Pentane
H exanes
I - P e n ta n e /T o t a l  P e n ta n e s
C rack in g , %
H ydrogen B a la n c e ,  %
27B |
Pd on H -M orden ite  
9 /1  



















9 9 .6 6






1 5 .2 9




9 9 .6 6




C a ta ly s t  Type
S i0 2 /A la 03 , m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
P e n ta n e , p s i a  
v /h r / v  
w /h r/w
H ydrogen, p s i a
M inu tes on Feed
P ro d u c t ,  m o les p e r





I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
Hexanes
I - P e n ta n e /T o ta l  P e n ta n e s  
C ra c k in g , %
Hydrogen B a la n c e , %
R ate C onstant k ,  c c /g m -sec
27C
Pd on H -M orden ite  
9 /1  





1 0 .9 6
354
396 406 416
3 0 5 .5 8 3 0 5 .4 8 3 0 5 .5 9
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 0 . 0 0
0 .1 8 0 .2 9 0 . 1 2
0 .0 8 0 .1 8 0 .0 7
0 .1 8 0 .3 5 0 .2 4
3 0 .7 0 2 9 .4 6 2 9 .5 8
6 8 .8 3 6 9 .7 9 6 9 .9 4
0 .1 4 0 .1 3 . 0 .1 4
3 0 .8 4 2 9 .6 8 2 9 .7 2
0 .4 8 0 .7 5 0 .4 8
9 8 .7 1 9 8 .7 1 9 8 .7 1




M in u te s  on F eed
P r o d u c t ,  m o les  p e r
100 m o les  P e n ta n e  fe d
H ydrogen
M ethane
E th a n e
P ro p an e
I -B u ta n e
N -P e n ta n e
H exanes
I - P e n t a n e / T o t a l  P e n ta h e s  
C ra c k in g , %
H ydrogen B a la n c e , %
R ate  C on stan t k , c c /g m -se c
27D
C a t a l y s t  Type Pd on H -M orden ite
SiO jg/A lgOa, ^ o l e  r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  ' 610
P r e s s u r e ,  p s i a  . 465
P e n ta n e ,  p s i a  113
v / h r / v  8 .1 6
w /h r /w  1 0 .9 6
H y d ro g en , p s i a  • 352.
513 523
3 0 2 .9 1  3 0 3 .2 4
0.00  0.00
0.00 0.00
0 .7 0  0 .1 8
0 .2 9  ‘ 0 .1 0
0 .9 0  0 .2 7N -B u tane
I - P e n ta n e  5 1 .6 8  5 2 .3 8
4 6 .5 3  4 7 .0 5
0 .3 5  0 .1 4
5 2 .6 2  5 2 .6 8
1 ;7 9  0 .5 6
9 9 .0 9  9 9 .0 9




C a ta ly s t  Type Pd on H -M orden ite
S i0 3 /A lg03 , m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  ‘ 550
P r e s s u r e ,  p s i a  _ 465
P e n ta n e , p s i a  111
v / h r / v  8 .1 6
w /h r/w  1 0 .9 6
H ydrogen, p s i a  354
M inu tes on Feed 633 643
P ro d u c t, m o les p e r
100 m o les P e n ta n e  fe d
H ydrogen 3 1 4 .9 1  3 1 4 .7 3
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .4 6
I -B u ta n e  0 .1 9  0 .0 7
N -B utane 0 .2 0  0 .0 8
I - P e n ta n e  19 .5 6  2 0 .0 6
N -P en tan e  7 9 .7 2  7 9 .3 8
H exanes 0 .1 5  0 .3 9
I - P e n ta n e /T o ta l  P e n ta n e s  1 9 .7 0  2 0 .1 7
C ra c k in g , % 0 .7 2  0 .5 6
Hydrogen B a la n c e , % 9 9 .5 0  9 9 .5 0
Rate C onstant k ,  c c /g m -se c  0 .0 5 9 8  0 .0 6 1 5
TABLE A
RUN DATA _ _ _ _ _  ,
H ydrogen, p s i a  355
M in u tes  on Feed 750 760
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
Hydrogen 3 1 7 .6 7  3 1 7 .6 7
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  ‘ 0 . 0 0  0 .0 0
I-B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .2 2  0 .1 5
I - P e n ta n e  1 1 .0 9  10 .89
N -P en tan e  .8 8 .2 2  88 .5 5
Hexanes 0 .4 3  0 .3 7
I - P e n ta n e /T o ta l  P e n ta n e s  1 1 .1 7  10 .95
C ra c k in g , % 0 .6 9  0 .5 6
Hydrogen B a la n c e , % 9 9 .2 1  9 9 .2 1
Rate C onstant k , c c /g m -sec  0 .0 3 1 2  0 .0 3 0 5
TABLE A
RUN DATA
SlO g/A lgO s, m ole r a t i o  9 /1
w /h r/w  10 .9 6
H ydrogen, p s i a  355
M inu tes on Feed 767 777
P r o d u c t ,  m o les p e r
100 m oles P e n ta n e  fe d
Hydrogen 3 1 9 .0 2  3 1 9 .0 2
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .1 7  0 .1 7
I-B u ta n e  0 .1 2  0 .0 8
N -B utane  0 .3 1  0 .3 2
I - P e n ta n e  4 3 .8 2  4 4 .1 2
N -P en tan e  5 5 .5 8  5 5 .3 1
H exanes 0 .1 4  0 .1 2
I - P e n ta n e /T o ta l  P e n ta n e s  4 4 .0 8  4 4 .3 7
C ra c k in g , % 0 .6 0  0 .5 9
H ydrogen B a la n c e , % 9 9 .4 3  9 9 .4 3
R ate C onstant k , c c /g m -sec  0 .1 9 1 6  0 .1 9 3 9
TABLE A
RUN DATA
H ydrogen, p s i a  421
M in u tes  on Feed 917 927
P r o d u c t ,  m oles p e r
100 m o les C yclohexane  fed
Hydrogen 9 3 9 .5 3  9 3 9 .5 2
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .4 4  0 .4 4
I -B u ta n e  0 .3 8  0 .3 6
N -B utane 0 .6 0  0 .6 4
I-P e n ta r ie  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 1 .6 4  1 .7 0
M e th y lc y c lo p e n ta n e  (MCP) 6 6 .9 4  6 6 .4 2
C y clohexane  (CH) 3 0 .5 5  3 0 .9 9
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 6 8 .6 7  6 8 .1 9
C ra c k in g , % 2 .5 2  2 .6 0
H ydrogen B a la n c e , % 1 0 0 .2 7  100 .27




C a t a ly s t  Type Pd on H -M orden ite
SiO g/A lgO a, m ole r a t i o  9 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  '  482
P r e s s u r e , . p s i a  . 465
C y c lo h ex an e , p s i a  44
v / h r / v  2 .7 3
w /h r/w  4 .5 2
H ydrogen , p s i a  421
M in u tes  on Feed  1092 1102
P r o d u c t ,  m oles p e r
100 m oles C y clohexane  fed
H ydrogen 
M ethane 
E th an e  
P ro p an e  
I -B u ta n e  
N -B utane 
I - P e n ta n e  
N ~Pentane 
H exanes
M e th y lc y c lo p e n ta n e  (MCP)
C y clohexane  (CH)
C yclohexene  
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
Hydrogen B a la n c e , %
9 3 2 .8 3 9 3 2 .5 8
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 . 0 0 0 .7 5
0 . 0 0 0 . 0 0
0 . 0 0 0 , 0 0
0 .4 7 0 .4 3
2 2 . 1 0 2 1 .3 5
7 7 .4 3 77 .7 2
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
2 2 .2 5 21 .5 9
0 .4 7 0 .9 3
9 8 .9 1 9 8 .9 4




H ydrogen , p s i a  421
M in u te s  on Peed 1279 1289
P r o d u c t ,  m oles p e r
100 m oles C y clo h ex an e  fe d
H ydrogen 9 2 9 .4 6  9 2 9 .4 6
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I -B u ta n e  0 .0 0  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 0 .6 4  0 .6 1
M e th y lc y c lo p e n ta n e  (MCP) 1 3 .4 5  1 2 .7 9
C y clohexane  (CH) 8 5 .9 1  8 6 .6 0
C yclo h ex en e  0^00 0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 1 3 .5 3  1 2 .8 7
C ra c k in g , % 0 .6 4  0 .6 1
H ydrogen B a la n c e , % 9 8 . 71-"- .. 9 8 .7 1
R ate C onstant k , c c /g m -sec  0 .0 3 1 4  0 .0 2 9 7
TABLE A
RUN DATA
w /h r/w  4 .5 2
H ydrogen, p s i a  421
M in u tes  on Feed 1508 1518
P r o d u c t ,  m o les p e r
100 m o les C yclohexane fed
Hydrogen 9 4 9 .1 2  9 4 8 .9 4
M ethane - 0 . 0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .4 5  0 .7 5
I -B u ta n e  0 .2 9  0 .3 6
N -B utane 0 .6 8  0 .7 2
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  0 .0 0  0 .0 0
H exanes 1 .2 1  1*12
M e th y lc y c lo p e n ta n e  (MCP) 6 6 .1 0  6 6 .7 3
C yclohexane  (CH) 3 1 .8 1  3 1 .0 5
C yclohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 67.51 68.35
C ra c k in g , % 2*08 '2.22
Hydrogen Balance, 7® 99.00 99.01




C a ta ly s t  Type 
SiOa/AlgOa 
S iz e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
N -P e n ta n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m o les  p e r
100 m oles P e n ta n e  fed
Hydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P en tane
Hexanes
I - P e n ta n e /T o ta l  P e n ta n e s
C ra c k in g , %
Hydrogen B a la n c e , %
R ate C onstant k ,  cc /g m -sec
f
29A j
Pd on H -M o rd en ite  
5 2 /1  








3 1 1 .0 2 3 1 1 .0 5
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 . 1 1 0 . 1 0
0 .0 6 0 .0 7
0 . 2 2 0 . 2 1
2 . 6 8 2 .6 1
9 7 .0 4 9 6 .9 1
0 . 0 0 0 .1 6
2 .6 9 2 .6 2
0 .2 9 0 .4 8
9 8 .5 3 9 8 .5 3




C a t a l y s t  Type
SiO g/A lgO a, m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , 0  F
P r e s s u r e ,  p s i a
N -P e n ta n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u tes  on Feed
P r o d u c t ,  m o les p e r
100 m oles P e n ta n e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
I - P e n ta n e /T o ta l  P e n ta n e s
C ra c k in g , %
H ydrogen B a la n c e , %•
R ate C onstant k , c c /g m -sec
Pd on H -M orden ite  
5 2 /1  








3 1 0 .9 6 3 1 0 .9 0
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 . 2 0 0 .2 6
0 . 1 0 0 . 0 0
0 .3 4 0 .3 6
7 .2 3 6 .3 9
9 1 .1 3 9 2 .3 3
0 .9 6 0 .6 9
7 .3 5 6 .3 9
1 .6 4 1 .2 8
9 9 .1 8 9 9 .1 8




C a t a ly s t  Type Pd on H -M orden ite
SiO g/A lgO o, m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T em perature, ° F  ‘ 634
P r e ssu r e , p s i a  . 465
N -P e n ta n e , p s i a  112
v / h r / v  . 8 . 1 6
w /h r/w  9 .4 6
H ydrogen, p s i a  353
M in u tes  on Feed 462 472
P ro d u ct, m oles per
100 m oles P e n ta n e  fed
H ydrogen 3 0 4 .7 7  3 0 4 .9 6
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .5 5  0 .1 3
I -B u ta n e  0 .0 9  0 .0 7
N -B utane 0 .1 3  0 .2 3
I - P e n ta n e  1 7 .0 6  15 .9 7
N -P en tan e  8 2 .2 7  8 3 .3 3
H exanes 0 .1 4  0 .3 2
I -P e n ta n e /T o ta l Pentanes 17 .1 7  1 6 .0 8
C ra c k in g , % 0 .6 7  0 .6 9
Hydrogen B a la n ce , 7o 9 8 .9 7  9 8 .9 7




C a t a ly s t  Type
S i0 s /A lg0 3  , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
N -P e n ta n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
I - P e n ta n e /T o ta l  P e n ta n e s
C ra c k in g , %
H ydrogen B a la n c e , 7»
R ate C onstant k , cc /g m -sec
29D
Pd on H -M orden ite  
5 2 /1  















6 8 .7 9  
0 .1 6
3 0 .8 0  
0 :5 8
9 9 .8 1
0 .1 0 2 2






3 1 .2 9
6 8 .1 4
0 .1 5
3 1 .4 6
0 .5 7
9 9 .8 1




C a t a l y s t  Type Pd on H -M orden ite
SiOja/AlgOa, m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  * 655
P r e s s u r e ,  p s i a  . 465
N -P e n ta n e , p s i a  111
v / h r / v  8 .1 6
w /h r/w  . 9 .4 6
H ydrogen , p s ia  354
M in u te s  on Feed 6 6 8  679
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fed
H ydrogen 3 1 1 .7 7  3 1 1 .8 2
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .1 2  0 .4 1
I -B u ta n e  0 .0 7  0 .2 0
N -B utane  0 .2 2  0 .5 9
I - P e n ta n e  2 4 .0 8  2 0 .8 9
N -P en tan e  7 5 .2 7 . 7 6 .2 9
H exanes 0 .2 9  1 .6 2
I - P e n ta n e /T o ta l  P e n ta n e s  2 4 .2 3  2 1 .5 0
C ra c k in g , % 0 .6 6  2 .8 3
H ydrogen B a la n c e , % 9 9 .1 3  9 9 .1 3




C a t a l y s t  Type
SiOjg/AlgOa, m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F
P r e s s u r e ,  p s i a
N -P e n ta n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les p e r
100 m o les P e n ta n e  fed
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
I - P e n ta n e /T o t a l  P e n ta n e s
C ra c k in g , %
H ydrogen B a la n c e , %





Pd on H -M orden ite  
5 2 /1  
























C a ta ly s t  Type
S i0 3 /A l 2 03  , m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y clohexane  fe d
Hydrogen
M ethane
E th an e
P ro p an e
1 -B u tan e
N -B utane
I - P e n ta n e
N -P en tan e
Hexanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y clohexane  (CH) 
C yclohexene  
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , c c /g m -sec
30A iii
Pd on H -M o rd en ite  
5 2 /1  

















3 7 .7 2
6 1 .1 5  
0.00  
0.00
3 8 .1 5
1 .1 4
9 8 .4 5
0 .1 0 4 1
1080









3 7 .7 1
6 1 .0 8
0.00
0.00
3 8 .1 7
1.22
9 8 .4 5
0 .1 0 4 1
TABLE A
RUN DATA
v / h r / v  2 .7 3
w /h r /w  3 .9 0
H ydrogen , p s i a  420 .
M in u te s  on Feed 1329 1339
P r o d u c t ,  m oles p e r
100 m oles C y clohexane  fe d
H ydrogen 9 4 5 .0 4  9 4 4 .9 2
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
. P ro p an e  0 .3 1  0 .4 7
I -B u ta n e  0 .4 2  0 .5 4
N -B utane  0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan e  . 0 .0 0  0 .0 0
H exanes 1 .0 3  1 .0 8
M e th y lc y c lo p e n ta n e  (MCP) 4 7 .8 9  4 7 .2 7
C yclohexane  (CH) 5 0 .6 4  5 1 .0 5
C yclo h ex en e  O.'OO 0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 4 8 .6 0  4 8 .0 7
C ra c k in g , % 1 .4 7  1 .6 8
H ydrogen B a la n c e , % 10 0 .2 5  1 0 0 .2 6




C a t a ly s t  Type
SiQg/ALgQs, m ole r a t i o  
S i z e m m
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s i a
M in u tes  on Feed
P r o d u c t ,  m oles p e r
100 m o les  C y clohexane ' fed
H ydrogen 
M ethane 
E th an e  
. P ro p an e  
< I -B u ta n e  
N -B utane 
I - P e n ta n e  
N -P en tan e  
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclo h ex an e  (CH) 
C yclohexene  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C onstant k , cc /g m -sec
30C
Pd on H -M orden ite  
. 5 2 /1  








9 3 7 .1 0 9 3 6 .8 5
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .6 1 0 .8 1
0 .7 0 0 .9 1
0 .8 3 1 .0 6
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
2 . 6 8 2 .4 3
6 2 .5 7 62 .5 9
3 2 .9 7 3 2 .9 3
0146 0 .3 3
0 . 0 0 0 . 0 0
6 5 .4 9 6 5 .5 2
4 .0 0 4 .1 4
9 8 .4 8 9 8 .5 1
0 .2 7 2 1 0 .2 7 2 4
TABLE A
RUN DATA
v / h r / v  2 .7 3
w /h r/w  3 .9 0
H ydrogen, p s i a  421
M in u tes  on Feed  1692 1702
P r o d u c t ,  m oles p e r
100 m oles C yclohexane fed .
H ydrogen 9 5 0 .1 8  9 4 9 .5 8
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .4 3  0 .8 1
I -B u ta n e  0 .0 0  0 .3 1
N -B utane 0 .4 7  1 .3 9
I - P e n ta n e  0 .0 0  0 .0 0
N -P e n ta n e  0 .0 0  0 .0 0
H exanes 0 .8 0  1 .0 9
M e th y lc y c lo p e n ta n e  (MCP) 3 7 .3 1  3 7 .2 2
C y clo h ex an e  (CH) 6 1 .3 6  6 0 .1 5
C y clohexene  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 3 7 .8 1  3 8 .2 2
C ra c k in g , % 1 .3 3  2 .6 3
Hydrogen B a la n c e , % 9 9 .2 1  9 9 .2 9
Rate C on stan t k , cc /g m -sec  0 .1 0 6 3  0 .1 0 7 9
TABLE A
RUN DATA
H ydrogen , p s i a  420
M in u tes  on Feed  1929 1939
P r o d u c t ,  m o les p e r
100 m o les  C yclohexane  fe d
H ydrogen 9 4 7 .8 6  9 4 8 .2 3
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .0 0  0 .0 0
I-B u ta n e  1 .0 9  0 .0 0
N -B utane 0 .0 0  0 .0 0
I - P e n ta n e  0 .0 0  0 .0 0
N -P e n ta n e  0 .0 0  0 .0 0
H exanes 0 .4 7  1 .2 3
M e th y lc y c lo p e n ta n e  (MCP) 2 1 .6 7  20 .29
C y clohexane  (CH) 7 7 .1 3  78 .4 7
C y clo h ex en e  0 .0 0  0 .0 0
B enzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 1 .9 3  2 0 .5 4
C ra c k in g , % 1 .2 0  1 .2 4
H ydrogen B a la n c e , % 1 0 1 .0 6  101.06




C a t a ly s t  Type Pd on H -M orden ite
S i0 3 /A l2 03  , m ole r a t i o  5 2 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  * 555
P r e s s u r e ,  p s i a  . 465
C y c lo h ex a n e , p s i a  45
v / h r / v  2 .7 3
w /h r /w  3 .9 0
• i
H ydrogen , p s ia  420
M in u tes  on Feed 2085 2095
P r o d u c t , m oles p e r
100 m oles C yclohexane  fe d
H ydrogen 9 4 5 .0 6 9 4 5 .3 4
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 0 0
I -B u ta n e 0 .8 4 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 . 0 0 0 . 0 0
N -P en tan e 0 . 0 0 0 . 0 0
H exanes 0 . 0 0 0 .2 6
M e th y lc y c lo p e n ta n e  (MCP) 1 1 . 1 0 11 .46
C yclo h ex an e  (CH) 8 8 .3 5 8 8 .2 8
C yclo h ex en e 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 1 1 .1 5 11 .50
C ra c k in g , % 0 .5 6 0 .2 6
H ydrogen B a la n c e , 7o 1 0 0 .8 3 100 .81




C a t a ly s t  Type
SiO g/A lgO ^, m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
P e n ta n e ,  p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s ia
M in u tes  on Feed
31A
Pd on H -M ordenite  
10/1 








P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I -B u ta n e
N -B u tan e’
I - P e n ta n e
N -P en tan e
H exanes
I - P e n ta n e /T o ta l  P e n ta n e s ,  % 
C ra c k in g , %
Hydrogen B a la n c e , %
R ate C onstant k , c c /g m -sec
3 1 3 .9 4 3 1 4 .3 7
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
0 .9 0 0 . 2 1
0 .6 1 0 .1 7
0 .7 1 0 .3 9
3 4 .5 7 3 3 .3 4
6 3 .5 9 6 5 .8 3
0 . 2 1 0 . 2 1
3 7 .7 2 3 7 .6 8
1 .8 5 0 .8 3
9 8 .8 4 9 8 .8 4




C a t a l y s t  Type
S i0 2 /A l2 03 , m ole  r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
P e n ta n e ,  p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on F eed
P r o d u c t ,  m o le s  p e r
100 m o le s  P e n ta n e  fed
H ydrogen
M ethane
E th an e
P ro p an e
I - B u ta n e
N -B u tan e
I - P e n ta n e
N -P e n ta n e
H exanes
I - P e n t a n e / T o t a l  P e n ta n e s ,  %
C ra c k in g , %
H ydrogen B a la n c e ,  %
R ate C o n sta n t k , c c /g m -sec
Pd on H -M orden ite  
10/1 














2 9 .3 9
68 .89
1 .0 7
3 3 .4 5
1 .7 3
9 9 .3 4
0 .0 9 5 5
3 1 9 .1 3  
0.00  
. 0.00 
0 .11  
0.12  
0 .3 3  
2 9 .8 1
6 9 .2 4  
0 .4 4
3 4 .1 7
0 .9 5
9 9 .3 4




C a t a ly s t  Type Pd on H -M ordenite
S i0 2 /A la 03 , m o le  r a t i o  10 /1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
4
T e m p e ra tu re , ° F  491
P r e s s u r e ,  p s i a  ' 465
P e n ta n e , p s i a  110
v / h r / v  8 .1 6
w /h r /w  10 .27
H ydrogen, p s i a  355
M in u tes  on Feed  338 348
P ro d u ct, m oles per





I-B u ta n e  
N -Butane  
I -P e n ta n e  
N -P entane  
Hexanes
I -P e n ta n e /T o ta l P e n ta n e s , % 7 .1 4  7 .0 7
C rack in g , % 1 .6 7  0 .9 0
Hydrogen B a la n c e , % 9 8 .9 5  9 8 .9 5







9 3 .1 8
0 .7 8
3 1 4 .5 7  
0.00  
0.00  
0 .00  
0 .10  
0 .1 9  
4 .6 3  
9 4 .4 7  
0 .5 5
Rate C on stan t k , c c /g m -se c 0 .0 1 2 5 0.0111
TABLE A
RUN DATA
Run Number 3 ID
.  iii
C a t a l y s t  Type Pd on H -M o rd en ite
SiO-g/AlgOs, m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  , 548
P r e s s u r e ,  p s i a  465
P e n ta n e ,  p s i a  110
v / h r / v  8 .1 6
w /h r/w  1 0 .2 7
H y drogen , p s i a  355
M in u te s  on Feed 446 456
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fe d
Hydrogen 3 1 6 .0 4  3 1 6 .0 5
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ro p an e  0 .1 1  0 .1 0
I-B u ta n e  0 .0 8  0 .0 7
N -B utane 0 .2 2  0 .2 1
I - P e n ta n e  2 8 .9 8  2 7 .4 6
N -P en tan e  7 0 .2 7  7 1 .8 2
H exanes 0 .3 7  0 .3 7
I - P e n ta n e /T o t a l  P e n ta n e s ,  % 3 1 .6 7  3 0 .3 9
C ra c k in g , % 0 .7 5  0 .7 2
H ydrogen B a la n c e , % 9 9 .2 3  9 9 .2 3




C a t a l y s t  Type
S i0 2 /ALjOg , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
P e n ta n e ,  p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u te s  on Feed
3 IE
Pd on H -M ordenite  
10/1 





1 0 .2 7
355
561 571
P r o d u c t ,  m o les  p e r
100 m oles P e n ta n e  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I-B u ta n e
N -B utane
I - P e n ta n e
N -P en tan e
H exanes
I - P e n ta n e /T o t a l  P e n ta n e s , % 
C ra c k in g , %
H ydrogen B a la n c e , %






4 9 .9 4
4 9 .1 8
0 .2 7
5 3 .5 2
0.88
9 8 .5 4






5 0 .9 8
4 8 .1 9
0 .2 4
5 4 .1 2
0 .8 2
9 8 .5 4
R ate C onstan t kj c c /g m -sec 0 .2 2 9 9 0 .2 4 0 0
TABLE A
RUN DATA
Run Number 3 IF
C a t a ly s t  Type Pd on H -M o rd e n ite
SiOa/AlLjOa, m ole  r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
I
T e m p e ra tu re , ° F  524
P r e s s u r e ,  p s i a  * 465
P e n ta n e ,  p s i a  109
v / h r / v  8 .1 6
w /h r/w  1 0 .2 7
H ydrogen , p s i a  356
M inutes on Feed 676 6 8 6
P r o d u c t ,  m oles p e r
100 m oles P e n ta n e  fed
Hydrogen 3 1 1 .8 0  3 1 1 .6 9
Methane 0 .0 0  0 .0 0
Ethane 0 .0 0  0 .0 0
Propane 0 .1 4  0 .1 9
I-B u tan e. 0 .0 8  0 .1 2
N-Butane 0 .1 0  0 .2 4
I-P e n ta n e  1 4 .8 2  1 3 .4 3
N -P entane 8 4 .6 2  8 6 .1 6
Hexanes 0 .2 8  0 .0 0
I -P e n ta n e /T o ta l P e n ta n e s , % 1 8 .5 7  1 7 .0 8
C ra c k in g , % 0 .5 6  0 .4 1
H ydrogen B a la n c e , % 9 8 .5 0  9 8 .5 0




C a t a ly s t  Type Pd on H -M orden ite
SiOjg/AlgOa, m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F  ‘ 481
P r e s s u r e ,  p s i a  . 465
C y clo h ex an e , p s i a  4 4  .
v / h r / v  2 .7 3
w /h r/w  4 .2 4
H ydrogen, p s i a  421
M in u tes  on Feed 857
P r o d u c t ,  m oles p e r
100 m oles C y clo h ex an e  fe d
H ydrogen 9 3 6 .7 3
M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .3 5
I-B u ta n e  0 .0 0
N -B utane 0 .2 7
I - P e n ta n e  0 .0 0
N -P en tan e  0 .0 0
H exanes 0 .5 9
M e th y lc y c lo p e n ta n e  (MCP) 4 4 .6 3
C yclohexane  (CH) 5 4 .4 2
C yclohexene  0 .0 0
B enzene 0 .0 0
MCP/(MCP +  CH) , % 4 5 .0 6
C ra c k in g , % 0 .9 5
H ydrogen B a la n c e , % 9 8 .9 6
R ate C onstant k , c c /g m -se c  0 .1 4 0 0
TABLE A
RUN DATA
S i 0 2 /A l2 0 3  , m o le  r a t i o  1 0 /1
w /h r/w  4 .2 4
H ydrogen , p s i a  421
M in u te s  on F eed  1141 1151
P r o d u c t ,  m o les  p e r
100 m oles C y c lo h ex an e  fe d
Hydrogen 9 2 7 .6 3  927 .61
M ethane 0 .0 0  0 .0 0
E th an e  0 .0 0  0 .0 0
P ropane  0 .0 0  0 .0 0
I-B u ta n e  0 .0 0  0 .0 0
N -B utane' 0 .5 7  0 .6 3
I - P e n ta n e  0 .0 0  0 .0 0
N -P en tan es  0 .0 0  0 .0 0
Hexanes 0 .0 0  0 .0 0
M e th y lc y c lo p e n ta n e  (MCP) 2 2 .3 9  2 3 .0 8
C yclohexane  (CH) 7 7 .2 3  7 6 .5 0
C yclohexene  0 .0 0  0 .0 0
Benzene 0 .0 0  0 .0 0
MCP/(MCP +  CH), % 2 2 .4 7  2 3 .1 8
C ra c k in g , % 0 .3 8  0 .4 2
H ydrogen B a la n c e ,  % 9 8 .8 6  9 8 .8 6




C a ta ly s t .  Type
SiOa /AlgOa , m ole r a t i o  
S iz e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s ia
C y clo h ex an e , p s i a  
v / h r / v  
w /h r/w
H ydrogen, p s ia
M inu tes on Feed
. P ro d u c t ,  m oles p e r





I-B u ta n e
N -B utane
I -P e n ta n e
N -Pentane
Hexanes




MCP/(MCP +  CH),  %
C ra c k in g , %
H ydrogen B a la n c e , % ;
R ate Constant k ,  c c /g m -sec
32C iiI
Pd on H -M orden ite  
10/1  1 























9 9 .1 7
0 .0 2 4 5
TABLE A
RUN DATA
Run Number 33A 33B
C a ta ly s t  Type. Pd on H -M orden ite
SiO g/A lgO g, m ole  r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , °F 499 533
P r e s s u r e ,  p s i a 465 ‘ 465
C y clo h ex an e , p s i a 45 45
v / h r / v 2 .7 3 2 .7 3
w /h r/w 4 .0 8 4 .0 8
H ydrogen, p s ia 420 420
M inu tes on Feed 251 428
P ro d u c t ,  m oles p e r
100 m oles C y c lo h ex an e  fe d
Hydrogen 9 3 8 .1 5 937 .77
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e 0 .4 6 0 .8 3
I-B u ta n e 0 .2 4 0 .4 4
N -B utane' 0 .7 4 1 . 0 1
I - P e n ta n e  ' 0 .4 1 0 .6 4
N -P en tan e 0 .8 2 0 .8 0
Hexanes 0 .8 4 2 .8 5
M e th y lc y c lo p e n ta n e  (MCP) 5 0 /7 1 6 3 .8 4
C yclohexane (CH) 4 6 .5 4 30 .73
C yclohexene 0 . 0 0 0 . 0 0
Benzene 0 . 0 0 0 . 0 0
MCP/(MO?; +  CH) , % 5 2 .1 4 6 7 .5 1
C ra c k in g , % 2 .7 5 5 .4 3
H ydrovin  B a la n c e , % 10 0 .4 2 100 .49
R a te  C o n s ta n t k ,  c c /g m -se c 0 .1 7 1 5 0 .3 1 1 8
TABLE A
RUN DATA
Run Number 34A 134B
C a t a ly s t  Type Pd on H -M orden ite
SiOg/AljgOg, m o le  r a t i o  1 0 / 1  1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F 460 460
P r e s s u r e ,  p s i a 485 ‘ 685
C y c lo h ex a n e , p s i a 65 67
v / h r / v 4 .0 8 4 .0 8
w /h r/w 6 . 1 0 6 . 1 0
H ydrogen , p s i a 420 617
M in u tes  on Feed 767 878
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 641 .85 8 4 1 .0 2
M ethane 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0
P ro p an e  . 0 .2 5 0 .3 4
I-B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 . 0 0 0 . 0 0
N -P e n ta n e 0 .3 5 0 .5 0
H exanes 0 .0 4 0 . 0 0
M e th y lc y c lo p e n ta n e  (MCP) 11 .5 6 9 .2 8
C y clo h ex an e  (CH) 87 .9 5 9 0 .1 4
C y clo h ex en e 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP /(MCP +  C H ), % 1 1 .6 2 9 .3 3
C ra c k in g , % 0 .4 9 0 .5 9
H ydrogen B a la n c e , % 9 9 .8 3 9 5 .2 1




C a t a ly s t  Type
SiOg /AlgOg , m ole  r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u te s  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fed
H ydrogen
M ethane
E th a n e
P ro p a n e
I - B u ta n e
N -B u tan e
I - P e n ta n e  '
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y c lo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e ,  %
R ate C on stan t k ,  c c /g m -sec
34C 34D
Pd on H -M orden ite  
10/1  




2 .7 3  2 .7 3
4 .0 8  4 .0 8
620 420
1064 1236
1369 .85 : 935 .15 9 3 5 .5 4
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 .9 0 0 .7 8 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 .1 7 0 . 0 0
13 .29 17 .74 1 7 .6 5
86 .26 81 .70 8 2 .3 5
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
13 .35 17 .84 1 7 .6 5
0 .4 5 0 .5 6 0 . 0 0
99 .8 5 100.09 1 0 0 .0 6




C a t a ly s t  Type
S i0 3  /AlgOg , m ole  r a t i o  
S iz e ,  mm
T e m p e ra tu re , ° F
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r/w
H ydrogen , p s i a
M in u tes  on Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h e x a n e  fe d
34E 34F
Pd on H -M o rd en ite  
10/1  1 















H ydrogen 8 7 9 .8 3 8 7 9 .8 9 9 1 9 .3 1 9 1 9 .3 0
M ethane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
P ro p an e 0 .7 4 0 .6 2 0 .3 6 0 .3 7
I -B u ta n e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
I-P fe n ta n e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
N -P en tan e 0 . 0 0 0 . 0 0 0 . 2 1 0 . 2 2
H exanes 0 .1 8 0 . 0 0 0 .1 4 0 .1 4
M e th y lc y c lo p e n ta n e  (MCP) 1 6 .4 7 1 7 .1 6 1 6 .6 5 1 6 .4 7
C y clo h ex an e  (CH) 8 2 .9 9 8 2 .5 3 8 2 .8 5 8 3 .0 2
C y clo h ex en e 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
MCP/(MCP +  CH) ,  % 1 6 .5 6 1 7 .2 1  • 1 6 .7 3 1 6 .5 5
C ra c k in g , % 0 .5 4 0 .3 1 0 .5 0 0 .5 1
H ydrogen B a la n c e ,  % 9 7 .1 8 9 7 .1 7 9 7 ; 35 9 7 .3 5
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .0 2 4 1 0 .0 2 5 2 0 .0 2 9 4 0 .0 2 9 7
TABLE A
RUN DATA
Run Number 34G 34H
C a t a l y s t  Type Pd on H -M o rd en ite
S iO a/A l^O a , m ole r a t i o  1 0 / 1
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F 460 460
P r e s s u r e ,  p s i a 390 465
C y c lo h e x a n e , p s i a
ft
37 45
v / h r / v  • 2 .7 3 2 .7 3
w /h r /w 4 .0 8 . 4 .0 8
H y d ro g en , p s i a 353 420
M in u te s  on Feed 1610 1700
P r o d u c t ,  m o les  p e r
100 m o les  C y clo h ex an e  fe d
H ydrogen 9 5 4 .6 9 9 3 7 .2 0
M ethane. 0 . 0 0 0 . 0 0
E th a n e 0 . 0 0 0 . 0 0
• P ro p an e 0 .4 4 0 .5 1
1 -B u ta n e 0 . 0 0 0 . 0 0
N -B utane 0 . 0 0 0 . 0 0
I - P e n ta n e 0 . 0 0 0 . 0 0
N -P e n ta n e 0 . 0 0 0 . 0 0
H exanes 0 .1 3 0 .1 5
M e th y lc y c lo p e n ta n e  (MCP) 1 7 .8 4 1 7 .7 0
C y c lo h ex an e  (CH) 8 1 .4 7 8 1 .9 0
C y clo h ex en e 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH ), % 1 7 .9 6 1 7 .7 7
C ra c k in g , •% 0 .6 9 0 .4 0
H ydrogen  B a la n c e , % 1 0 0 . 0 1 10 0 .7 3




C a t a l y s t  Type
SiO g/A lgO s » m° l e  r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u te s  on  Feed
P r o d u c t ,  m o les  p e r
100 m o les  C y clo h ex an e  fe d
H ydrogen
M ethane
E th a n e
P ro p a n e
X -B utane
N -B u tan e
I - P e n ta n e  ‘
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y c lo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e , %
R ate C on stan t k ,  c c /g m -sec
35A 35B
Pd on H -M orden ite  
1 0 / 1  




2 .7 3 2 .7 3
4 .0 8 4 .0 8
600 510
1822 1931
94 1 .9 3 9 6 9 .3 3 9 6 9 .3 9
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
0 .4 8 0 .5 2 0 .4 4
0 .2 7 0 .3 0 0 .2 5
0 .8 0 0 .7 9 0 .7 8
0 .4 2 0 .4 2 0 .4 0
0 .6 5 0 . 6 8 0 .6 5
. 0 . 9 7 0 .8 3 0 .8 2
4 8 .2 3 4 9 .4 8 4 9 .1 4
4 8 .9 7 4 7 .8 0 4 8 .2 6
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
4 9 .6 2 5 0 .8 6 5 0 .4 5
2 .8 0 2 .7 2 2 .6 0
101 .04 1 0 2 .8 2 1 0 2 .8 1
0 .1 0 8 8 0 .1 3 2 0 0 .1 3 4 0
. . s& rejPfajw t ?** ' f o , z h ' ? i F *  *■'«j V  *' r>
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C a ta ly s t  Type
S i0 3 /A l2 03  , m ole  r a t i o
S iz e , ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C yclo h ex a n e , p s ia  
v /h r /v  
w /h r /w
H y d ro g en , p s i a
M in u te s  on F eed
P r o d u c t ,  m o les  p e r





I-B u ta n e
N -B utane
I -P e n ta n e
N -P entane
Hexanes
M eth y lcy c lo p en ta n e  (MCP) 
C ycloh exan e (CH) 
C ycloh exen e  
Benzene
MCP/(MCP +  CH) , %
C ra ck in g , %
H ydrogen B a la n c e ,  %
35C
Pd on H-M ordenite  
10/1 

















4 8 .2 1
4 8 .9 8
0 .00
0,00
4 9 .6 0
2 .8 1
9 9 .5 8









4 8 .2 9
4 9 .0 3
0 .00  
0 .00
4 9 .6 2
2.68
9 9 .5 7
R a te  C o n s t a n t  k ,  c c / g m - s e c 0 .1 9 0 1




C a t a l y s t  Type
SiQg/ALgOg, m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r/w
H y d ro g en , p s i a
M in u te s  on F eed
P r o d u c t ,  m o les  p e r
100 m o les  C yclohexane  fe d
H ydrogen
M ethane
E th an e
P ro p an e
I- B u ta n e
N -B u tan e
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH)
C y clo h ex en e  
B enzene
MCP/(MCP +  C H ), %
C r a c k in g ,  7»
H ydrogen  B a la n c e ,  %
R a te  C o n sta n t k , cc /g m -sec
36A 36B
Pd on H -M o rd en ite  
10/1
0 .1 4 7 -0 .8 3 3
460 460 ‘ 460 460
.665 665 285 285
63 63 28 28
2 .7 3 2 .7 3 2 .7 3 2 .7 3
4 .0 8 4 .0 8 3 .9 0 3 .9 0
602 602 257 257
2145 2145 2235 2235
925 .32 9 2 5 .4 1 9 3 2 .6 8 9 3 2 .6 8
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
0 .7 5 0 .7 1 0 .7 7 0 .7 8
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
0 .3 8 0 . 0 0 0 . 0 0 0 . 0 0
0 .1 4 0 . 0 0 0 .1 7 0 .1 3
16 .25 1 6 .2 2 2 1 .9 8 2 1 .1 4
82 .92 8 3 .4 3 7 7 .4 7 7 8 .3 4
0 . 0 0 O'. 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
16 .3 8 1 6 .2 8 2 2 . 1 0 2 1 .2 5
0 .8 3 0 .3 5 0 .5 5 0 .5 2
9 8 .3 1 9 8 .2 8 1 0 0 .2 7 1 0 0 .2 7




C a t a l y s t  Type
S i0 2 /A l 2 03 , m ole r a t i o  
S i z e ,  mm
T e m p e ra tu re , °F  
P r e s s u r e ,  p s i a
C y c lo h e x a n e , p s i a  
v / h r / v  
w /h r/w
H y d ro g en , p s i a
M in u te s  on F eed
P r o d u c t ,  m o les  p e r
100 m o les  C yclo h ex an e  fe d
H ydrogen
M ethane
E th a n e
P ro p an e
I -B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y c lo h ex en e  
B enzene
MCP/(MCP +  CH ), %
C ra c k in g , %
H ydrogen B a la n c e ,  %
R ate  C on stan t k , c c /g m -sec
37A 37B 37C
Pd on H -M ordenite  
10/1
0 .1 4 7 -0 .8 3 3
499 499 48 0
665 ‘ 485 485
'45 6 6 6 8
2 .7 3 4 .0 8 4 .0 8
3 .9 0 5 .8 3 5 .8 3
620 419 417
161 286 4 1 1
1379 .46 630 .96 6 1 5 .2 5
0 . 0 0 0 . 0 0 0 . 0 0
2 .4 0 0 . 0 0 0 . 0 0
1 .3 3 0 .3 9 0 .4 0
0 . 0 0 0 .2 4 0 . 0 0
0 . 0 0 0 .7 8 0 . 6 6
0 . 0 0 0 .3 6 0 . 0 0
2 . 0 0 1 .3 3 0 .6 1
1 . 1 1 0 .7 1 0 . 0 0
4 9 .5 3 4 4 .8 9 2 9 .1 9
4 6 .2 2 5 2 .1 1 6 9 .6 6
0 . 0 0 0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0 0 . 0 0
5 1 .7 3 4 6 .2 8 2 9 .5 3
4 .2 5 3 .0 0 1 .1 5
100 .47 100 .26 1 0 0 .0 9
0 .1 6 1 0  0 .1 3 4 2  0 .0 6 7 7
TABLE A
RUN DATA
Run Number 37D 37E
C a t a l y s t  Type Pd on H -M ordenite
S i0 2  /AL3 O3  , m o le  r a t i o 1 0 / 1
S i z e ,  mm 0 .1 4 7 -0 . 833
T e m p e ra tu re , °F 480 480
P r e s s u r e ,  p s i a 665* 465
C y c lo h e x a n e , p s i a 46 45
v / h r / v 2 .7 3 2 .7 3
w /h r/w 3 .9 0 3 .9 0
H ydrogen , p s i a 619 420
M in u te s  on Feed 514 612
P r o d u c t ,  m o les  p e r
100 m o les  C y c lo h ex an e  fe d
H ydrogen 13 43 .08 962 .72
M ethane 0 . 0 0 0 . 0 0
E th a n e 0 . 0 0 0 . 0 0
P ro p an e 0 . 0 0 0 . 8 6
I - B u ta n e 0 . 0 0 0 . 0 0
N -B utane 1 .5 4 0 . 0 0
I - P e n ta n e 0 . 0 0 0 . 0 0
N -P e n ta n e 1 .4 5 0 .6 5
H exanes 0 . 0 0 0 . 0 0
M e th y lc y c lo p e n ta n e  (MCP) 3 4 .5 6 3 7 .7 5
C y clo h ex an e  (CH) 6 3 .2 0 6 1 .2 8
C y clo h ex en e 0 * 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0
MCP/(MCP +  CH), % 3 5 .3 5 3 8 .1 1
C ra c k in g , % 2 .2 4 0 .9 7
H ydrogen B a la n c e , % 9 9 .3 4 101 .30
R a te  C o n s ta n t  k ,  c c /g m -se c 0 .0 8 5 8 0 .0 9 8 0
TABLE A
RUN DATA
Run Number 38A 38B 38C
C a t a l y s t  Type Pd on H -M orden ite
SiOjg/AlgOg, m ole  r a t i o  9 /1»• a n '
S iz e ,  mm 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F 482 ; 482 512
P r e s s u r e ,  p s i a 485 665 665
C y c lo h e x a n e , p s i a 6 8 45 45
v / h r / v 4 .0 8 2 .73 2 .7 3
w /h r/w 6 .2 7 4 .1 9 4 .1 9
H ydrogen , p s i a 417 619 619
M in u te s  on F eed 451 573 678
P r o d u c t ,  m o le s  p e r
100 m o le s  C yclo h ex an e  fe d
H ydrogen 6 35 .94 1342.37 1 4 1 7 .0 6
M ethane 0 . 0 0 0 . 0 0 0 . 0 0
E th an e 0 . 0 0 0 . 0 0 0 . 0 0
P ro p an e 0 .2 5 0 . 0 0 0 . 6 6
I - B u ta n e 0 . 0 0 0 . 0 0 0 . 0 0
N -B u tan e  . 0 . 0 0 1 . 1 2 1 .9 2
I - B u ta n e 0 . 0 0 0 . 0 0 0 . 0 0
N -P e n ta n e 0 .1 9 0 . 2 1 0 .4 4
H exanes 0 .1 8 0 . 0 0 1 .0 9
M e th y lc y c lo p e n ta n e  (MCP) 15 .19 17 .12 4 4 .3 0
C y c lo h ex an e  (CH) 84 .35 8 1 .9 6 5 2 .6 3
C y clo h ex en e 0 . 0 0 0 . 0 0 0 . 0 0
B enzene 0 . 0 0 0 . 0 0 0 . 0 0
MCP’ /(MCP +  CH), % 15.26 1 7 .2 7 4 5 .7 0
C ra c k in g , % 0 .4 6 0 .9 2 3 .0 7
H ydrogen B a la n c e ,  % 101 .54 9 8 .7 8 1 0 2 .5 7




C a t a ly s t  Type
S i0 2 /A l 3 03 , m ole  r a t i o  
S i z e ,  mm
T e m p e ra tu re , ° F  
P r e s s u r e ,  p s i a
C y c lo h ex a n e , p s i a  
v / h r / v  
w /h r /w
H ydrogen , p s i a
M in u tes  on Feed
P r o d u c t ,  m o le s  p e r
100 m o les  C y clo h ex an e  fed
H ydrogen
M ethane
E th an e
P ro p an e
I - B u ta n e
N -B utane
I - P e n ta n e
N -P e n ta n e
H exanes
M e th y lc y c lo p e n ta n e  (MCP) 
C y c lo h ex an e  (CH) 
C y c lo h ex en e  
B enzene
MCP/(MCP +  CH), %
C ra c k in g , %
H ydrogen B a la n c e ,  %
R ate C o n sta n t k , c c /g m -sec
38D 38E
Pd on H -M ordenite
9 /1
0 . 147-0 .833
5 3 8 , 538
665 485
43 6 6
2 .7 3 4 .0 8
4 .1 9 6 .2 7
622 419
773. 882
1508 .63 640 .99
0 . 0 0 0 . 0 0
0 . 0 0 0 . 0 0
1 .0 6 0 .2 8
1 .0 9 0 .2 9
1 .3 6 . 0 .4 9
0 . 6 6 0 .3 4
0 .8 9 0 .3 7
1 .9 6 1 . 0 1
6 3 .4 5 6 4 .5 6
3 0 .9 1 3 3 .0 4
0 .2 3 0 .1 4
0 . 0 0 0 . 0 0
6 7 .2 4  ‘ 6 6 .1 5
5 .6 5 2 .4 0
10 3 .4 4 100 .53




C a ta ly s t  Type Pd on H -M orden ite
SiOa /AlgOu > m ole r a t i o  2 6 /1
S iz e ,  imn 0 .1 4 7 -0 .8 3 3
T e m p e ra tu re , ° F  *475
P r e s s u r e ,  p s i a  485
C yclohexane, p s ia  67
v /h r /v  ^ -08
w /hr/w  6 .0 4
H ydrogen, p s ia  418
M inu tes on Feed ' 106
P rod u ct, m oles per
100 m oles C yclohexane fe d
H ydrogen 6 5 1 .2 8
. M ethane 0 .0 0
E th an e  0 .0 0
P ro p an e  0 .0 0
I -B u ta n e  0 .0 0
N -B utane • 0 .5 9
I - P e n ta n e  0 .0 0
N -P en tan e  0 .0 0
H exanes 0 .6 1
M e th y lc y c lo p e n ta n e  (MCP) 2 4 .3 1
C yclohexane (CH) 74 .6 9
C yclohexene  . 0 .0 0
B enzene 0 .0 0
MCP/(MCP + CH), % 2 4 .5 5
C ra c k in g , % 1 .0 0
H ydrogen B a la n c e , % 10 2 .1 8




C a ta ly s t  Type
SiO g/A l^O g, m ole r a t i o  
S iz e ,  mm
T em p e ra tu re , °F  
P r e s s u r e ,  p s i a
C yclo h ex an e , p s ia  
v /h r / v  
w /h r/w
H ydrogen, p s i a
M inutes on Feed
P ro d u c t ,  m o les  p e r
100 m o les  C y clohexane  fed
Hydrogen 
M ethane 
E th an e  .
. P ropane  
I -B u ta n e  
N -B utane
I - P e n ta n e  
N -P en tane  
Hexanes
M e th y lc y c lo p e n ta n e  (MCP) 
C yclohexane (CH) 
C yclohexene 
Benzene
MCP/(MCP +  CH), %
C ra c k in g , %
Hydrogen B a la n c e , %
Rate C onstant k , c c /g m -sec
40A ' 40B 40C
i
40D
Pd on H -M ordenite 
5 2 /1  





















419 420 619 620
282 437 . 515 604
6 5 9 .6 9 964 .96 1325.76 9 1 6 .5 8
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
0 .4 4 0 . 0 0 0 . 0 0 0 . 0 0
0 .8 5 1 .2 5 1.08 0 .7 0
1 . 1 0 1 .6 3 1.23 0 . 8 6
0 .7 7 1 .0 7 0 .8 3 0 .8 5
0 .8 3 0 . 0 0 1.28 0 .8 2
0 .6 3 1 .1 4 0 .9 4 0 .5 7
1 .7 6 2 .1 7 3 .2 1 1 .9 7
6 9 .8 4 74 .57 72 .36 7 0 .9 1
2 5 .0 7 1 9 .0 8 18.86 23 .8 9
0 .3 0  ' 0 .7 9 1 .83 0 .5 9
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
7 3 .5 9 7 9 .6 2 ‘ 79.32 7 4 .7 9
5 .0 9 6 ,3 4 8.77 5 .2 1
1 0 2 .3 4 102.59 97 .87 9 7 .9 5
0 .3 5 1 7 0 .4 6 5 1 0 .4 5 5 8 0 .3 7 5 3
APPENDIX B
ANALYTICAL SYSTEM
A. D e sc r ip tio n  and O p eration  o f  Gas Chromatograph
The p ro d u c t a n a ly s e s  in  t h i s  s tu d y  w ere  made w i th  a F & M M odel 
810R tem p e ra tu re -p ro g ram m ed , d u a l-c o lu m n  gas ch ro m ato g rap h  (G. C . ) .
The b a s ic  e lem en ts  o f  th e  gas c h ro m a to g rap h  a r e ;
1 . a c a r r i e r  gas
2 . a  p acked  colum n
3 . a th e rm a l b r id g e  d e t e c t o r
4 .  a r e c o r d e r  and  i n t e g r a t o r
5 .  a  te m p e ra tu re  c o n t r o l  sy s te m
The G. C. i s  o p e r a te d  i n  th e  fo l lo w in g  m anner. A gas sam ple  i s  
in je c te d  a s  a  p u ls e  i n t o  th e  colum n and  i s  sw ep t th ro u g h  th e  p a c k in g  
by th e  c a r r i e r  g a s .  The gas s t r e a m  p a s s in g  th ro u g h  th e  d e t e c t o r  a t  
any  g iv en  tim e n o rm a lly  c o n s i s t s  o f  a  m ix tu re  o f  h e liu m  and  a  s i n g l e  
h y d ro ca rb o n  com ponent due  to  th e  e f f e c t i v e  s e p a r a t io n s  in  th e  co lum n. 
The column p ro v id in g  th e  e f f e c t i v e  s e p a r a t io n s  i s  10 f e e t  lo n g  and  was 
packed  w i th  10% s i l i c o n e  ru b b e r  SE-30 on 90% w h i te  chrom osorb  (8 0 -1 0 0  
m esh ).
T h is  G . C .  h a s  th e  o p t io n  o f  program m ing th e  te m p e ra tu re  o f  th e  
column d u r in g  th e  a n a l y s e s .  T h is  p ro v id e s  a  m ethod f o r  e l u t i n g  
h e a v ie r  com ponents in  a  s h o r t e r  tim e  a n d  w i th  s h a r p e r  " p e a k s " .  The 
p en tan e  a n a ly s e s  w ere  n o t  te m p e ra tu re  programmed b u t  w ere  made a t
a b o u t 40°C . M ost o f  th e  cy c lo h ex an e  a n a ly s e s  w e re  te m p e ra tu re  p ro ­
grammed. The p ro g ram  c o n s i s te d  o f  an  in c re a s e , in  te m p e ra tu re  a t  a
r a t e  o f  3 0 °C /m in u te  from  th e  b e g in n in g  o f  sam ple  i n j e c t i o n  to  an  u p p e r
*
l i m i t  in  te m p e ra tu re  o f  1 1 0 ° C f o r  8  m in u te s .
A th e rm a l b r id g e  d e t e c to r  i s  u sed  t h a t  c an  s e n s e  th e  d i f f e r e n c e s
:  '  i
in  th e rm a l c o n d u c t iv i ty  betw een  th e  h e liu m  c a r r i e r  gas an d  each  o f  th e  
o th e r  g a se s  in  th e  m ix tu r e .  S ig n a l  s t r e n g th  i s  p r o p o r t i o n a l  to  th e  
q u a n t i t y  o f  e a c h  g a s  p r e s e n t  and to  th e  d i f f e r e n c e  be tw een  t h e i r  
th e rm a l c o n d u c t iv i ty  and  t h a t  o f  th e  h e liu m . The re s p o n s e  o f  th e  
th e rm a l b r id g e  d e t e c t o r  i s  a  l i n e a r  f u n c t io n  o f  th e  in s ta n ta n e o u s  
h y d ro c a rb o n  c o n c e n t r a t io n  in  th e  c a r r i e r  g as  s t r e a m . T h u s , th e  i n s t a n ­
ta n e o u s  c o n c e n t r a t io n  o f  com ponent " i "  i s
yi = c/D i
w here  ’ y  = m ole f r a c t i o n
C* = c o n s ta n t  
D = d e t e c t o r  o u tp u t  
i  = com ponent
I t  was n e c e s s a r y  to  i n t e g r a t e  th e  d e t e c t o r  o u tp u t  w i th  r e s p e c t  to  tim e  
to  o b ta in  th e  o v e r a l l  c o n c e n t r a t io n  o f  com ponent " i " .  I n t e g r a t i o n  was 
p e rfo rm ed  w i th  two sy s te m s . An I n f o t r o n i c s  M odel CRS-110 d i g i t a l  
i n t e g r a t o r  was th e  m ain sy stem  i n t e g r a t o r .  T h is  d i g i t a l  i n t e g r a t o r  
ta k e s  th e  s i g n a l  d i r e c t l y  from  th e  d e t e c to r  and  p r i n t s  o u t  th e  r e t e n ­
t i o n  tim e  an d  th e  "p eak , a r e a 11.' An o r i g i n a l  i n t e g r a t o r  sy s te m  p ro v id e d  
w i th  t h i s  G. C. w as u sed  a s  a  b a c k -u p . I t  i s  a b a l l - a n d - d i s k  e l e c t r i ­
c a l- m e c h a n ic a l  i n t e g r a t o r .  The m ain a d v a n ta g e  o f  t h i s  l a t t e r  sy stem  
i s  t h a t  a  v i s u a l  o b s e r v a t io n  o f  th e  chrom atogram  an d  i n t e g r a t i o n  i s  
p ro v id e d . A t y p i c a l  o u tp u t  from th e  g a s  c h ro m a to g rap h  f o r  c y c lo h e x a n e
i s  shown in  F ig u re  B - l  (page  329) and  f o r  n -p e n ta n e  in  F ig u r e  B-2 
(p a g e  3 3 0 ) .
The " p e a k  a r e a "  i s  r e l a t e d  to  th e  h y d ro g e n - f r e e  c o n c e n t r a t io n  o f
th e  c o r re s p o n d in g  com ponent in  th e  sam ple by  th e  fo l lo w in g  e q u a t io n :
n
Yt = C tA j/S _  CjAj
w h ere  Y = h y d ro g e n - f r e e  m ole f r a c t i o n
C = e x p e r im e n ta l ly  d e te rm in e d  c a l i b r a t i o n  c o n s ta n t  
A = " p e a k  a re a "
n *= t o t a l  number o f  com ponents in  h y d ro g en  f r e e  sam ple
An a t t e n u a t o r  i s  p ro v id e d  w ith  th e  sy s te m  so  t h a t  th e  re s p o n se  o f
l a r g e  p eak s  can  be re d u c ed  by s e l e c t e d  f a c t o r s .  The f i n a l  e q u a t io n
r e l a t i n g  " p e a k  a re a "  and  c o n c e n t r a t io n  w as t h e r e f o r e
n
Yi “  FjCiAi /2_  FjC^Aj
w h ere  F i s  a n  a t t e n u a t i o n  f a c t o r . .
B . C a l i b r a t i o n  C o n s ta n ts
The c a l i b r a t i o n  c o n s ta n ts  u sed  in  t h i s  s tu d y  a r e  th o s e  u sed  d a i ly  
i n  th e  P e tro le u m  P r o c e s s in g  L a b o ra to ry  a t  L o u is ia n a  S t a t e  U n iv e r s i ty ,  
T h ese  W ere p r e v io u s ly  d e te rm in e d  a t  th e  in c e p t io n  o f  t h i s  p r o j e c t .
The v a lu e s  o f  s y n th e t i c  b le n d s  o f  c y c lo h e x a n e  an d  m e th y lc y c lo p e n ta n e  
a n d  n -p e n ta n e  and  is o - p e n ta n e  w ere  checked  and  found  to  a g r e e  w i th in  
th e  l i m i t s  o f  a c c u ra c y  o f  th e  o r i g i n a l  v a lu e s .  The o r i g i n a l  c a l i b r a ­
t i o n  was p e rfo rm ed  by  i n j e c t i n g  a  p r e c i s e  known volum e o f  th e  g a s  o r  
l i q u i d  i n to  th e  sy s tem  and  th e  p eak  a re a  f o r  th e  gas w as d e te rm in e d . 
T h is  i n t e g r a t e d  re s p o n se  ( in c lu d in g  th e  a t t e n u a t i o n  f a c t o r )  was e s s e n ­
t i a l l y  a  c a l i b r a t i o n  c o n s ta n t  s in c e  i t  r e p r e s e n te d  th e  a r e a / c c  o f  
s a m p le . A m ore c o n v e n ie n t c a l i b r a t i o n  c o n s ta n t  i s  th e  r e c i p r o c a l  o f
MCP
H - i  ; - i
C yclohexaner r
M-i-4
iC4 i ( ^  2MP 
Cg nC J nq. \3MP
nC,
A ir
F ig u r e  B - l .  I l l u s t r a t i v e  Chrom atogram  f o r  C yclohexane  H y d ro is o m e r iz a tio n
nQ
2MP nC, 
I  3MP /
F ig u r e  B -2 . I l l u s t r a t i v e  C hrom atogram  f o r  N -P en tan e  H y d ro is b m e r iz a tio n .
t h i s  num ber in  g ram -m oles p e r  u n i t  i n t e g r a t o r  r e a d in g .  The c a l i b r a ­
t io n  c o n s ta n ts  w ere  d e te rm in e d  a s  d e s c r ib e d  and a r e  d e f in e d  q u a n t i t a ­
t i v e l y  a s :
Ct = 1000/At Ft
The f a c t o r  o f  1000 was u se d  f o r  c o n v e n ie n c e . I t  does n o t  a f f e c t  th e  
f i n a l  r e s u l t  s in c e  i t  c a n c e ls  o u t in  th e  c a l c u l a t i o n  o f  th e  h y d ro g e n -  
f r e e  c o n c e n t r a t io n .  The v a lu e s  u se d  a r e  given, in  T a b le  B - l  
(p ag e  3 3 2 ) .
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M eth y lcy c lo p en ta n e  
C yclohexane  
C ycloh exen e ( e s t . )  
Benzene
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gram-moles per u n it  a rea  x  103
3 .7 6 5
2*496
2 .0 0 6
1 .7 0 7
1 .6 8 5
1 .5 8 0
1 .4 9 5
1 .3 5 2
1 .3 5 2  
1 .3 0 8  
1 .3 1 8  
1 .2 7 8  
1 .4 1 1  
1.473.
1..491
1 .5 8 2
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A n a ly se s  w ere perform ed on th e  c a t a ly s t s  fo r  sodium, s i l i c a ,  
a lu m in a , p a lla d iu m  and su r fa c e  a r e a . T hese a n a ly se s  were made by  E sso  
R esearch  L a b o r a to r ie s , Baton Rouge, L o u is ia n a . A b r ie f  q u a l i t a t i v e  
d e s c r ip t io n  o f  th e se  a n a ly se s  i s  d is c u s se d  in  the fo llo w in g  paragrap hs:
Sodium :
Flame photom etry i s  used  to  a n a ly z e  fo r  the sodium . Sodium  
i s  a c id - e x t r a c t e d  from th e c a t a ly s t  and HF i s  used to  r id  the sam ple o f  
s i l i c a  b e fo r e  making the a n a ly s i s .
S i l i c a :
S i l i c a  i s  determ ined g r a v im e tr ic a l ly .  The s i l i c a  and o th e r  
com ponents in  th e  c a t a ly s t  are  a c id  e x tr a c te d  w ith  a s e r ie s  o f  e x tr a c ­
t io n s  and a p r e c ip i t a t e  i s  c o l l e c t e d  on b o i l in g .  The p r e c ip i t a t e  i s  
r e a c te d  w ith  s u l f u r i c  a c id  and h ea ted  to  d ry n ess . The dry powder i s
tr e a te d  w ith  HF and the s i l i c a  i s  d r iv en  from the sample a s  h y d r o f lu r o -
s i l i c i c  a c id .  The s i l i c a  i s  determ ined from the lo s s  in  w e ig h t o f  th e  
h e a te d  sam ple.
A lu m in a:
A t i t r im e t r i c  d e term in a tio n  o f  the alum ina i s  u se d . S o lu b le  
sodium  a lu m in a te  i s  formed from a b a s ic  s o lu t io n .  The aluminum i s
,com plexed w ith  f lu o r id e  r e le a s in g  h yd rox id e io n s . The r e le a s e d  h yd rox­
id e  io n s s a r e ^ t i t r a t e d  w ith  standard  a c id  to  g iv e  the alum ina
•S -‘t-Z' '*' rr: .' .. * , 1 - • .
~ •» i  f f
P a l la d iu m :
P a l la d iu m  i s  d e te rm in e d  s p e c t r o p h o to m e t r ic a l ly .  The c a t a l y s t
» •
i s  a c i d  e x t r a c t e d  in  s o lu t io n  and th e  p a lla d iu m  i s  com plexed w i th  
a - f u r i l  d io x im e . T h is  com plex i s  e x t r a c t e d  from  s o l u t i o n  w i th  c h lo r o ­
form  f o r  a n a l y s i s .
A d so rp tio n  Iso th erm s fo r  S u rfa ce  A rea:
An a d s o r p t io n  is o th e rm  shows how an  am ount o f  a d s o rb e d  gas 
depends upon  th e  e q u i l ib r iu m  p r e s s u r e  o f  th e  g as  a t  c o n s ta n t  tem p e ra ­
t u r e .  Two is o th e rm  e q u a t io n s  a r e  commonly u sed  to  d e te rm in e , s u r f a c e  
a r e a s  o f  p o ro u s  s o l i d s  (1 0 1 ) .  T hese  a r e  th e  Langm uir and  th e  B ru n a u e r-
E m m e tt-T e lle r  (BET) e q u a t io n s .  The Langm uir e q u a t io n  i s :
— = —L . +  _E—  ' (C - l )
vp 0  bvH vnp0
and th e  BET e q u a t io n  i s :
 E  _  _ i _  + ( C -  D  .P— (C -2)
v(Po -  p )  v„C va C Po
w h ere : v  = volum e a d so rb e d
v B = volum e r e q u i r e d  to  c o v e r  th e  a d s o r b e n t  s u r f a c e  w i th
a  m onom olecu lar l a y e r  o f  a d s o r b a te
p = e q u i l ib r iu m  p r e s s u r e
pe = s a t u r a t e d  v a p o r  p r e s s u r e  o f  a d s o r b a te
b ,C  = c o n s ta n ts
The L angm uir e q u a t io n  i s  b a se d  on a  m onom olecu lar a d s o r p t io n
and th e  BET e q u a t io n  i s  b a se d  on m u l t i l a y e r  a d s o r p t io n .  I f  th e
L angm uir a d s o r p t io n  i s  a p p l i c a b l e ,  a  p l o t  o f  p /v p 0  a g a i n s t  p /p 0  sh o u ld
g iv e  a  s t r a i g h t  l i n e .  I f  th e  BET a d s o r p t io n  i s  a p p l i c a b l e ,  a  p l o t  o f .
p /v ( p 0  -  p )  a g a i n s t  p /p 0  sh o u ld  g iv e  a  s t r a i g h t  l i n e .  T hese  p l o t s
have  b een  made an d  a r e  shown in  F ig u r e s  C - l  (page  3 3 5 ) , c-2  (p ag e  3 3 6 ) ,
N itro g e n  a t  - 1 9 5 .8Pc
B .E .T . P l o t  
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A P l o t  o f  th e  A d so rp tio n  I s o th e rm  E q u a tio n s  f o r  
F ig u r e  C - l .  D e te rm in in g  S u rfa c e  A rea  f o r  .9 /1  SiOs /Al^Oa 
P d -H -M o rd en ite .
N itro g e n  a t  - 1 9 5 .8?C
B .E .T . P lo t  
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. V-av t
•.“ OTP
C~3 (page 33 8 ) a n d  C-4 (page  339) f o r  th e  9 /1 ,  1 0 /1 ,  2 6 /1  a n d  5 2 /1  
s i l i c a / a lu m in a  m ole r a t i o  c a t a l y s t s  r e s p e c t i v e l y .  Each o f  th e s e  p l o t s  
d e f i n i t e l y  shows a  l i n e a r  r e l a t i o n  f o r  th e  L angm uir a d s o r p t io n  and a  
n o n - l i n e a r  r e l a t i o n  f o r  th e  BET a d s o r p t io n .  T h e r e f o r e ,  th e  s u r f a c e  
a r e a s  have b e en  d e te rm in e d  from  th e  Langm uir i s o th e rm  e q u a t io n .  T h is  
a r e a  i s  d e te rm in e d  from th e  v a lu e  f o r  VB , w h ic h  c an  be u s e d  to  d e t e r ­
m ine th e  num ber o f  m o lecu les  in  a  m o n o m o lecu lar l a y e r  on th e  s u r f a c e .  
The number o f  m o le c u le s  on th e  s u r f a c e  tim e s  th e  s u r f a c e  c o v e re d  by a  
s in g l e  m o le c u le  g iv e s  th e  t o t a l  a r e a .  T fris t o t a l  a r e a  i s  th e n  b a sed  
on th e  w e ig h t  o f  c a t a l y s t  b e in g  e v a lu a te d .  The e q u a t io n  u s e d  to  
d e te rm in e  th e  s u r f a c e  a r e a s  i s :
'  s< ■ [ ^ ] ’ 1-09, [ ^ ]  <°-3>
w h e re : SB = s u r f a c e  a r e a ,  n?; /gm
VB = volume o f  one m ole o f  g a s  a t  c o n d i t io n s  o f  vB 
N0’ = A v a g a d ro 's  number ..
M = m o le c u la r  w e ig h t  o f  g a s  ( n i t r o g e n )  
p .=  d e n s i ty  o f  p u re  l i q u i d  a t  te m p e ra tu re  o f  
a d s o r p t io n  e x p e r im e n t (N2  @ - 1 9 5 .8°C)
' . • •'*. *&,-• -
N itro g e n  a t  -195.8P C
B .E .T . P lo t  
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A P l o t  o f  th e  A d s o r p t io n  I s o th e rm  E q u a tio n s  f o r  
F ig u re  C -3 . D eterm in ing ; S u r fa c e  A re a  fo r , 2 6 /1  SiOg/ALgOg 
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0 .3 0 .4
A P lo t  o f  th e  A d so rp tio n  Isotherm  E q u ation s fo r
F igure C- 4 .  D eterm in in g  S u rfa ce  Area fo r  5 2 /1  S i0 3 /Al^Og
P d -H -N o rd en ite .
APPENDIX D
SAMPLE CALCULATIONS
The c a l c u l a t i o n s  f o r  t h i s  s tu d y  have  b een  made on th e  IBM 7044 o r  
th e  360 com puter o f  th e  L o u is ia n a  S t a t e  U n iv e r s i ty  C om puting C e n te r .
The program  f o r  th e  c a l c u l a t i o n s  w as m o d if ie d  from  a g e n e r a l  program  
w r i t t e n  by D. E. A l l a n ,  a  c o -w o rk e r  on th e  E sso  C a t a ly s i s  P r o j e c t .
A . E x p e rim e n ta l O p e r a t in g  C o n d it io n s  and  D ata  '
Run number 33A
Feed s to c k  C yclohexane
C a t a ly s t  type 1 0 /1  S i0 2 /A ls 0 3  P d -H -m o rd en ite
C a t a ly s t  volume 15 cc
C a ta ly s t  w e ig h t 7 .8 1 5 4  gm
C a t a ly s t  s iz e  0 .1 4 7  -  0 .8 3 3  mm
T em pera tu re  4 9 9 °F
P r e s s u r e  465 p s ia
M in u tes  o f  b a la n c e  p e r io d  37
H ydrogen in  1 .985  f t 3
T em pera tu re  o f  h y d ro g e n  i n  82°F
Cyc lohexane in  2 5 .2 3  cc
Gas o u t  2 .1 9  f t 3
T em pera tu re  o f  g a s  o u t  80°F <



















0 .0 5 6  
0 .0 3 4  
0 .1 0 8  
0 .0 6 4  
0 .1 3 6  
0 .0 9 3  
0 .0 2 8  
0 .0 3 9  
8 .8 6 0  
7 .8 0 0  
0.000  
0.000
M a te r ia l B a lan ce  C a lc u la t io n s
B a s is :  60 m in u te  b a la n c e  p e r io d
W eigh t o f  cyc lo h ex an e  (CH) fe d  = (4 0 .9 0 8  c c ) (0 .7 7 9  gm/.cc) = 
3 1 .8 6 7  gm
Gram m oles o f  CH fe d  = 3 1 .8 6 7 /8 4 .1 6  = 0 .37865  . . '
Gram m oles o f  c a rb o n  i n  CH fe e d  = (0 .3 7 8 6 5 )(7 2  gm C /m ol CH) = 
2 7 .2 8 5 6  gm
Gram m oles o f  Hb in  CH fe e d  = (0 .3 7 8 6 5 ) (12.0,96 gm Hjg/mol CH) 
4 .5 8 1 6 9  gm •
L iq u id  h o u r ly  sp a c e  v e l o c i t y  = (4 0 .9 0 8  c c ) / ( 1 5 .0  c c )  =
2 .7 3  c c / h r / c c
W eig h t h o u r ly  sp a c e  v e l o c i t y  = (3 1 .8 6 7  g m )/(7 .8 1 5 4  gm) =
4 .0 8  gm /hr/gm
Volume o f  Hb g as  in  a t  s ta n d a rd  c o n d i t io n s  = (3 .2 2  f t 3  / h r )  
(4 9 2 /5 4 2 )  (2 9 . 92 -  1 .0 9 /2 9 .9 2 )  = 2 . 811 f t 3 / h r
Gram m oles o f  Hs g as  in  = (2 .8 1 1  f t 3  / h r )  (1 .2 6  gm m o le s / f t 3 ) = 
3 .5 4 1 3  gm-m oles
P a r t i a l  p r e s s u r e  o f  CH = (465 p s i a ) (0 .3 7 8 7 ) / ( 0 . 3786 +  3 .5 4 1 3 ) 
45 p s ia
Hydorgen/CH m ole r a t i o  = 3 .5 4 1 3 /0 .3 7 8 7  = 9 .3 5
Assume c a rb o n  m oles in  g as  o u t  = ca rb o n  m oles in  CH fe e d  = 
2 7 .2 8 5 6 3
Gram m oles o f  h y d ro g en  in  gas o u t = 4 .5 8 1 7  +  2 (3 .5 4 1 3 )  =
1 1 .7 2 1 0  m oles
M o lar w e ig h t in g  f a c to r s  f o r  h y d ro c a rb o n s  i n  g a s  o u t ;
p l ( 0 .0 0 ) ( 3 .7 7 ) ss 0 . 0 0 0 0
Ca ( 0 .0 0 ) ( 2 .5 0 ) s 0 . 0 0 0 0
Cs ( 0 .0 5 6 ) (2 .0 1 ) = 0 .1 1 2 6
iC* ( 0 .0 3 4 ) (1 .7 1 )  ‘ ss 0 .0 5 8 1
nC4 (0 .1 0 8 )  (1 .6 9 ) ss
| .
0 .1 8 2 5
1
iCfe (0 .0 6 4 ) (1 .5 8 0 ) ss 0 . 1 0 1 1
11C5 ( 0 .1 3 6 ) (1 .4 9 5 ) ~ < 0 .2 0 3 3
2 -HP (0 .0 9 3 ) (1 .3 3 2 ) = 0 .1 2 3 9
3-MP (0 .0 2 8 ) (1 .3 3 7 ) ss 0 .0 3 7 4
nC6 (0 .0 3 9 )  (1 .2 7 8 ) = 0 .0 4 9 8
MCP (8 .8 6 0 )  (1 .4 1 1 ) S3 12.5015
CH (7 .8 0 )  (1 .4 7 1 ) = 11 .4738
C lf (0 .0 0 )  (1 .4 9 1 ) S3 0 . 0 0 0 0
B enzene (0 .0 0 ) ( 1 .5 8 2 ) = 0 . 0 0 0 0
2 4 .8 4 4 0
Ha -  f r e e  m ole f r a c t i o n s  o f  h y d ro c a rb o n s  in  gas o u t  = m o la r 
w e ig h t in g  f a c t o r / 2  m o lar w e ig h t in g  f a c t o r s :
C3  ( 0 .1 1 2 6 ) / ( 2 4 .8 4 4 )  = 0 .004532
iC4  ( 0 .0 5 8 1 ) / ( 2 4 .8 4 4 )  = 0 .002339
nC4  ( 0 .1 8 2 5 ) / ( 2 4 . 844) = 0 .007346
iCb (0 .1 0 1 1 ) / ( 2 4 .8 4 4 )  = 0 .004069
nCg ( 0 .2 0 3 3 ) / ( 2 4 . 844) = 0 .008183
2-MP (0 .1 2 3 9 ) / ( 2 4 .8 4 4 )  = , 0 .004987
3-MP (0 .0 3 7 4 ) / ( 2 4 .8 4 4 )  = 0 .001505
nCg (0 .0 4 9 8 ) / ( 2 4 .8 4 4 )  = 0 .002004
MCP (1 2 .5 0 1 5 ) / ( 2 4 . 844) = 0 .503197
CH (1 1 .4 7 3 8 ) / ( 2 4 . 844) = 0 .461833
Gram m oles o f  ca rb o n  p e r  gram  m ole o f  h y d ro c a rb o n  gas o u t = 
(H2  -  f r e e  m ole f r a c t i o n )  (gram  m oles c a rb o n  in  h y d ro c a rb o n )  
C3  (3 6 .0 3 ) (0 .0 0 4 5 3 2 )  = 0 .1 6 2 9
iC4  (4 8 .0 4 )  (0 .0 0 2 3 3 9 ) = 0 .1122
nC* (4 8 .0 4 ) (0 .0 0 7 3 4 6 )  ' 0 .3 5 1 9
iCfe (6 0 .0 5 ) (0 .0 0 4 0 6 9 )  = 0 .2 4 4 4
nCfe (6 0 .0 5 ) (0 .0 0 8 1 8 3 )  = 0 .4 9 1 4
2-MP (7 2 .0 6 ) (0 .0 0 4 9 8 7 )  = 0 .3 5 2 8
3-MP (7 2 .0 6 ) (0 .0 0 1 5 0 5 )  = 0 .1 0 7 0
nCs (7 2 .0 6 ) (0 .0 0 2 0 0 4 )  = ‘ 0 .1 4 1 7
MCP (7 2 .0 6 ) (0 .5 0 3 1 9 7 )  = 3 6 .2 6 0 4
CH (7 2 .0 6 ) (0 .4 6 1 8 3 3 )  = 3 3 .2797
7 1 .5 0 6 9
Gram m oles o f  h y d ro c a rb o n  com ponents in  gas o u t = (gram  m oles o f  
c a rb o n  p e r  gram  m ole o f  h y d ro c a rb o n  g as  o u t)  x  (gram s o f  c a rb o n  in  
CH i n ) / ( t o t a l  gram  m oles o f  c a rb o n  p e r  gram m ole o f  h y d ro c a rb o n  
gas o u t)
Cs (0 .0 0 4 5 3 2 ) (2 7 .2 8 5 6 ) /(7 1 .5 0 6 9 )
= (0 .0 0 4 5 3 2 )(0 .3 8 1 5 4 )  « 0 .00173
iC* (0 .0 0 2 3 3 9 )(0 .3 8 1 5 4 )  » - 0 .00089
nC* (0 .0 0 7 3 4 6 ) (0 .3 8 1 5 4 ) , =  0 .00280
iC% (0 .0 0 4 0 6 9 ) (0 .3 8 1 5 4 )  » 0 .00155
nCb (0 .0 0 8 1 8 3 )(0 .3 8 1 5 4 )  = 0 .00312
2-MP (0 .0 0 4 9 8 7 ) (0 .3 8 1 5 4 )  = 0 .00187
3-MP (0 .0 0 1 5 0 5 ) (0 .3 8 1 5 4 )  = 0 .00057
nCe (0 .0 0 2 0 0 4 ) (0 .3 8 1 5 4 )  = 0 .00077
MCP (0 .5 0 3 1 9 7 )(0 .3 8 1 5 4 )  » 0 .1 9 2 0 1
CH . (0 .4 6 1 8 3 3 )(0 .3 8 1 5 4 )  = 0 .17623
0 .3 8 1 5 4
Gram m oles o f  h y d ro c a rb o n  com ponents in  gas o u t p e r  100 m oles
o f  CH fe d :
C3 ( 0 .1 7 3 ) / ( 0 .37865) 0 .4 6
iC4 ( 0 .0 8 9 ) / ( 0 .37865) = 0 .2 4
nC4 ( 0 . 2 8 0 ) / ( 0 .37865)' = 0 .7 4
iCB ( 0 .1 5 5 ) / ( 0 . 37865) = 0 .4 1
nCB ( 0 .3 1 2 ) / ( 0 .37865) = 0 .8 2
2-MP ( 0 .1 8 7 ) / ( 0 .37865) i 0 .4 9
3-MP ( 0 .0 5 7 ) / ( 0 . 37865) .a 0 .1 5
nCe (0 .0 7 7 ) / (0 .3 7 8 6 5 ) = 0 . 2 0
MCP ( 1 9 .2 0 1 ) / ( 0 .37865) a 5 0 .7 1
CH (1 7 .6 2 3 )7 (0 .3 7 8 6 5 ) ' a 4 6 .5 4
100.76
Gram m oles o f  Hg in  h y d ro c a rb o n  g as  o u t  = (m oles o f  h y d ro c a rb o n s )  
(m o les o f  Hg p e r  m ole o f  h y d ro c a rb o n )
C3 (0 .0 0 1 7 3 ) (8 .0 6 4 ) a 0 .0 1 3 9 1
iC4 (0 .0 0 0 8 9 ) (1 0 .0 8 0 ) a 0 .00899
nC4 (0 .0 0 2 8 0 )(1 0 .0 8 0 ) = 0 ,02817
iCB (0 .0 0 1 5 5 )(1 2 .0 9 6 ) ' a' ■ 0 .0 1 8 7 9
nCB (0 .0 0 3 1 2 )(1 2 .0 9 6 ) = 0 .0 3 7 7 9
2-MP (0 .0 0 1 8 7 )(1 4 .1 1 2 ) a 0 .02636
3-MP (0 .0 0 0 5 7 )(1 4 .1 1 2 ) a  . • 0 .0 0 8 0 0
nCe (0 .0 0 0 7 7 )(1 4 .1 1 2 ) a 0 .0 1 0 8 0
MCP (0 .1 9 2 0 1 ) (1 2 .0 9 6 ) = 2 .3 2 3 2 9
CH (0 .1 7 6 2 3 )(1 2 .0 9 6 ) 2 .13232
4 .60842
* •
R e a c tio n  r a t e  c o n s ta n t  =» k = '
- [ (g m  m oles o f  Ha/gm m oles o f  h y d ro c a rb o n ) +  l ]  x  (m ol 
f r a c t i o n  o f  MCP in  t o t a l  of. MCP +  CH a t  e q u i l ib r iu m )  x  
(w e ig h t h o u r ly  sp a c e  v e lo c i ty ) ( h r / 3 6 0 0  s e c )  x  [ In  (1  - 
m ol f r a c t i o n  o f  MCP in  t o t a l  MCP +CH/mol f r a c t i o n  o f  MCP 
in  t o t a l  MCP +  CH a t  e q u i l ib r iu m ) ] / ( m o l  w t o f  CH) (gm m oles 
o f  g a s /c c )  =
- [  (3 .5 4 1 3 /0 .3 7 8 6 5 )  +  l ]  x  (0 .7 4 9 5 6 ) ( 4 . 08t) (1 /3 6 0 0 ) x  
[ i n  (1  -  0 .5 2 1 4 3 /0 .7 4 9 5 6 )}  ( 8 4 .1 6 ) ( 1 /2 2 ,4 1 0 ) ( 4 6 5 /1 4 .7 )
. (4 9 2 /9 5 9 ) = 0 .1715
APPENDIX E 
NOMENCLATURE
A -  C r o s s - s e c t i o n a l  a r e a  o f  em pty r e a c t o r
(p ag e  52) ‘
A -  R e p r e s e n ta t io n  o f  r e a c t a n t  (c y c lo h e x a n e )
A -  P r o p o r t i o n a l i t y  f a c t o r  in  A rrh e n iu s
E q u a tio n  (p ag e  73)
Bj -  P r o p o r t i o n a l i t y  f a c t o r  in  te m p e ra tu re
r e l a t i o n  w i th  a c t i v a t e d  a d s o r p t io n  
Ca ~ C o n c e n tr a t io n  o f  a d so rb e d  cy c lo h e x a n e
Ch'  -  C o n c e n tr a t io n  o f  a d so rb e d  m e th y lc y c lo -
p e n ta n e
Cj -  C o n c e n tr a t io n  o f  v a c a n t  a c t i v e  s i t e s
CB -  C o n c e n tr a t io n  o f  m e th y lc y c lo p e n ta n e
C* -  C o n c e n tr a t io n  o f  c y c lo h e x a n e
CR -  C o n c e n tr a t io n  o f  a d so rb e d  m e th y lc y c lo ­
p e n ta n e
CyCg -  A b b r e v ia t io n  o f  c y c lo h e x a n e
dp -  C a t a l y s t  p a r t i c l e  d ia m e te r
E -  M ola1 e n e rg y  o f  a c t i v a t i o n
F -  M ass flow  r a t e  o f  h y d ro c a rb o n s
A'Hh -  E f f e c t i v e  e n th a lp y  change i n a c t i v a t e d
a d s o r p t io n  o f  h y d ro g en
uAHt " E f f e c t iv e  en th a lp y  change in  a c t iv a te d
a d so r p tio n
AH0 -  E f f e c t iv e  e n th a lp y  change in  a c t iv a te d
a d so r p tio n  o f  hydrocarbons
t .
Ah0 “ E n th alp y  change in  form ing an a c t iv a te d
com plex [
k F ir s t - o r d e r  r a te  co n sta n t fo r  forward
r e a c t io n  t
k ; -  F ir s t - o r d e r  r a te  c o n sta n t fo r  r e v e r se
r e a c t io n
ko -  F ir s t - o r d e r  forward r a te  c o n sta n t fo r
a d so r p tio n  model
K -  Thermodynamic e q u ilib r iu m  c o n s ta n t fo r
o v e r - a l l  r e a c t io n
K i , Ks'» K3 , K4  ” E q u ilib r iu m  c o n s ta n ts  fo r  s in g le  s te p
i n .o v e r - a l l  r e a c t io n  d e fin e d  in  
T ab le  XXXV
Ka “ A d so rp tio n  c o n s ta n t  fo r  r e a c ta n t
(cy c lo h ex a n e )
Kh “ A d so rp tio n  c o n s ta n t fo r  hydrogen
Kj ■ A d so rp tio n  c o n s ta n t fo r  component i
K0 -  A d so rp tio n  c o n s ta n t f o t  cy c loh exan e  and
m eth y lcy c lo p en ta n e
Kr " A d so rp tio n  c o n s ta n t fo r  product
(m eth y lcy c lo p en ta n e)
1 " R e p r e se n ta tio n  o f  an a c t iv e  s i t e
T o t a l  num ber o f  a c t i v e  s i t e s  d e f in e d  in  
T a b le  XXXV 
Leng th>‘o f^ c a  ti^l'ys t^bed,*' in r r e a c to r  
(p ag e  52)
M o lecu la r  w e ig h t o f  cycloh exan e  
M o lecu la r  w e ig h t o f  pentane  
A b b re v ia tio n  fo r  m eth y lcyc lop en tan e  
An in t e g e r  c o n sta n t  
T o ta l  m olar flo w  r a te  o f  gas  
M olar flow  r a te  o f  m eth y lcyc lop en tan e  
P a r t i a l  p ressu re  o f  r e a c ta n t  (c y c lo ­
hexane)
P a r t i a l  p ressu re  o f  hydrogen  
P a r t i a l  p ressu re  o f  cycloh exan e  +  
m eth y lcy c lo p en ta n e  
P a r t i a l  p r e ssu r e  o f  product (m ethyl­
cy c lo p en ta n e )
P e c l e t  number 
O v e r - a l l  r e a c t io n  r a te  
R e p r e se n ta tio n  o f  a produ ct (m ethyl­
cy c lo p en ta n e )
Gas c o n s ta n t
p a r t i c l e  R eynolds number
M olar hydrogen to  hydrocarbon r a t io
Time
S u p e r f ic ia l  h o ld in g  tim e d e fin ed  on
A b so lu te  tem perature t ....
' ■* I , '  Jt<■ » . * • * • >^ V olu m etr ic—flow  /r a te ^ o ftg a s e s  a t  J ''  
r e a c to r  c o n d it io n s  
T o ta l volum e o f  c a t a ly s t  bed
T o t a l  m ass flo w  r a t e  (page  52)
!
C yclohexane mass feed  r a te  p er  u n it  
w e ig h t o f  c a t a ly s t  
W eight o f  c a t a ly s t  in  r e a c to r  
P entane mass feed  r a te  per u n i t  w e ig h t  
o f  c a t a ly s t  (page 86)
M ole f r a c t io n
M ole f r a c t io n  o f  cycloh exan e  
M ole f r a c t io n  o f  m eth y lcy c lo p en ta n e  
H y d rogen -free  m ole f r a c t io n  
H yd rogen -free  e q u ilib r iu m  mole fr a c t io n  
o f  m eth y lcy c lo p en ta n e  
H yd rogen -free  m ole f r a c t io n  iso p e n ta n e  
in  produ ct (page 86)
H yd rogen -free  e q u ilib r iu m  m ole f r a c t io n  
o f  iso p en ta n e  (page 86)
H y d rogen -free  m ole f r a c t io n  o f  m eth y l­
cy c lo p en ta n e  
H yd rogen -free  m ole f r a c t io n  o f  c y c lo ­
hexane  
V oid f r a c t io n  
V is c o s i t y  
T o ta l p re ssu re
. f i u l k .d e n s i ty  o f . c a t a l y s t  
M o la r d e n s i ty  o f  gas s tr e a m
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